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ABSTRACT
Melting and melt segregation are key processes in the geochemical evolution of
the Earth. However, mechanism and time scale of melt transport from the source
to the surface are still not well understood and are dependent on the grain-scale
distribution of melt. A related question is the retention of melt in partially molten
regions of the Earth’s upper mantle. Seismic observations from mid-ocean ridges
(MOR) and subduction zones are interpreted to show in-situ melt contents up to
3%, while geochemical observations from MOR basalts are inferred to indicate very
efficient extraction of melt (porosities of order of 0.1%).
Earlier theoretical models of the melt distribution were based on the balance of
surface tension between melt and uniform crystalline grains, predicting a simple net-
work of melt along three-grain edges. Analyses of experimentally produced samples
of olivine and basaltic melt show that the melt geometry is much more complex, and
includes wetted two-grain boundaries.
I reconstructed the 3-D model of melt geometry of two experimentally produced
samples by serial sectioning and rendering of the pore space which demonstrates for
the first time that melt exists in thin layers on two-grain boundaries. This confirms
vii
the inferences from previous 2-D observations and has significant implications for
physical properties of partially molten regions, for example seismic velocities and
attenuation. The wetted two-grain boundaries are inferred to be a consequence of
continuous grain growth. Due to the complexity of the 3-D melt geometry the perme-
ability of partially molten rocks can not be predicted from simple models. I therefore
investigated the permeability as a function of porosity for both synthetic and ex-
perimentally determined pore geometries using a lattice-Boltzmann method. The
calculated permeability is not a simple function of porosity, but increases rapidly at
a critical fraction of wetted two-grain boundaries.
To extrapolate the experimentally based findings to grain sizes expected in natural
rocks I examined the geometry of secondary phases inferred to represent relict melt
in mantle peridotites from the Krivaja massif in Bosnia. These findings corroborate
the experimental observations of wetted two-grain boundaries.
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1Chapter 1
Introduction
Mantle upwelling and melting at mid-ocean ridges (MOR) is initiated by the diver-
gence of tectonic plates and leads to the formation of the new crust. Timescales of
transport of those melts from their source region in the mantle to the surface, depend
on the permeability of the partially molten mantle. Since melting starts at the grain
scale, permeability of the partially molten mantle will depend on the grain-scale melt
distribution. This distribution also affects rheology, seismic properties and electrical
conductivity. Theoretical models predict a relatively simple network of melt along
three-grain edges but fail to capture the complexity of the observed melt geome-
try. A number of studies have attempted to characterize the melt distribution on
the grain-scale, and in particular to resolve whether melt wets two-grain boundaries.
This thesis is divided into three parts, in each of them physical properties of upper
mantle rocks have been investigated with different approach, experimental, numer-
ical and from the analyses of natural upper mantle rocks. In Chapter 2 (published
in Geochemistry, Geophysics, Geosystems, 14 doi:10.1029/2012GC004547, 2013.) I
present an unprecedented view of the 3-D melt geometry, and demonstrate that some
two-grain boundaries are separated by thin layers of melt. I obtained this by serial
sectioning and high-resolution FE-SEM imaging of experimentally produced samples
of partially molten olivine and basaltic melt, which were held at high temperatures
for three weeks in piston cylinder experiments. These wetted two-grain boundaries
are a dynamic feature, a consequence of a continuous grain growth. In Chapter 3
2I investigate numerically the relative importance of wetted two-grain boundaries on
permeability of a partially molten rock as no direct experimental permeability mea-
surements are possible. I use both synthetic and experimentally determined pore
geometries. Due to the large complexity of the pore space in partially molten rock I
use lattice-Boltzmann numerical method for porous flow simulations. Compared to
permeability - porosity relations with those computed for the theoretical models of
melt distribution, permeability of the pore volume with wetted two-grain boundaries
has a steeper increase, but overall it is an order of magnitude lower than of the theo-
retical models. In Chapter 4 I investigate domains in natural mantle peridotites that
show evidence of melt-related processes such as melt infiltration.
3Chapter 2
High resolution imaging of the melt
distribution in partially molten upper
mantle rocks: evidence for wetted
two-grain boundaries
2.1 Introduction
The dynamics of partially molten regions of the upper mantle is linked to the amount
of melt retained in the solid matrix . The retained melt determines the buoyancy
and affects the viscosity of the partially molten region (e.g. (Sˇra´mek et al., 2007;
Hernlund et al., 2008; Katz, 2008; Katz, 2010; Simpson et al., 2010; Herbert and
Monte´si, 2010)). The geometry of the retained melt determines the permeability,
which in turn affects trace element and U-series isotope geochemistry (e.g. (Johnson
et al., 1990; Spiegelman and Kenyon, 1992; Stracke et al., 2006)). Moreover, detection
of melt by seismic or electromagnetic imaging techniques is sensitive to melt fraction
and geometry (e.g. (Faul et al., 1994; Takei, 2002; ten Grotenhuis et al., 2005;
Yoshino et al., 2010; Watson and Roberts, 2011)). While it is uncontroversial that
basaltic melt in an olivine matrix is interconnected at all melt fractions, the melt
geometry and hence residual porosity during the melting process is less well agreed
upon.
A simplified model of the melt geometry for a two-phase system of olivine and
Published in Geochemistry, Geophysics, Geosystems, 14 doi:10.1029/2012GC004547, 2013.
4basaltic melt was adapted from early studies in materials science (Waff and Bulau,
1979; Bulau et al., 1979). The 3-D melt distribution was obtained by computing
the geometry of solid-liquid interfaces at three-grain edges and four grain corners at
chemical equilibrium and under hydrostatic conditions (von Bargen and Waff, 1986).
The calculations are based on the (local) balance of surface tension between melt
and uniformly-sized crystalline grains with the assumption of a single-valued dihedral
angle θ (implying crystalline isotropy). In this system, melt forms an interconnected
network of tubules along three-grain edges for dihedral angles 0◦ < θ < 60◦, but does
not wet two-grain boundaries. Based on this model measurement of the dihedral
angle from experiments is sufficient to fully characterize the 3-D melt geometry.
Studies on experimentally produced partially molten olivine showed that the melt
geometry differs significantly from this ideal model (Waff and Faul, 1992; Faul et al.,
1994; Faul, 1997). Melt is present not only at three-grain edges, in agreement with
the idealized model, but also in large pockets surrounded by four or more grains, and
in thin melt inclusions (layers) connecting neighboring triple-junctions. Due to the
relatively uniform width and frequent occurrence of the layers, the authors concluded
that they represent wetted two-grain boundaries.
Subsequent studies, however, affirmed the self-similar isotropic model. (Wark
et al., 2003) stated that the thin inclusions were not wetted two-grain boundaries but
triple junction tubules sectioned along their long axes. The grain boundary wetness
(the fraction of grain boundary length wetted by melt relative to the total grain
boundary length in 2-D sections) was found to be in agreement with the predictions
of the isotropic model (Yoshino et al., 2005). A synchrotron X-ray microtomography
study (Zhu et al., 2011) of experimental samples yielded 3-D images of the melt
geometry that were similarly inferred to be compatible with the isotropic model.
As discussed below, resolution is a key factor for determination of the melt ge-
ometry both in two and three dimensions. This study provides a three-dimensional
5view of the melt geometry in partially molten olivine derived from high resolution
2-D images. A primary aim is to determine whether the layers observed in these
images represent wetted two-grain boundaries.
2.2 Methods
2.2.1 Sample preparation
Samples with two different melt contents were analyzed in this study. The samples
consist of solution-gelation derived Fo90 olivine and added basaltic melt (2 wt.%,
SB8 and 4 wt.%, SB11, see (Faul and Scott, 2006)). The samples were run in a
piston cylinder at 1350◦C and 1 GPa for 432 hours, with resulting mean grain sizes
of 33 µm. The melt composition was designed to be in equilibrium with a four phase
assemblage (olivine, two pyroxenes and plagioclase) at 1250◦C and 300 MPa. At
the temperature of this study some orthopyroxene (< 1%) crystallises, resulting in
melt contents that are slightly below the amount of basalt added (see below). The
samples were sectioned longitudinally through the center, vacuum-impregnated in
epoxy, polished on successively finer grid size abrasives and finally in suspensions of
alumina and colloidal silica on a vibrating polisher. The starting grain size of the
synthetic olivine is about one µm, so that steady state grain growth conditions prevail
after about two hours at this temperature (Faul and Scott, 2006). Consequently, the
microstructure, including the melt geometry, evolved as a result of steady state grain
growth during the experimental run time.
2.2.2 Serial sectioning and image acquisition
In each serial sectioning step, we polished the samples for 5 hours on colloidal alumina
to avoid plucking of the grains, and one additional hour on colloidal silica to obtain
the highest quality surface for imaging purposes. The imagining was conducted on
a Zeiss Supra VP 40 FE-SEM (SB11) and Zeiss Supra VP 55 FE-SEM (SB8) at 10
6kV acceleration voltage and 4.3 mm working distance, with an aperture of 30 µm.
Each image had a size of 2048 x 1536 pixels with a resolution of 0.026 µm/pixel at
256 gray scales. Each 2-D section consists of a mosaic of 6 x 6 overlapping images for
a total imaged area of 300 x 230 µm or 12000 x 9025 pixels. A total of 24 sections
were imaged, resulting in a depth of 38 µm (for a total of 2.6 x 109 pixels).
2.2.3 Section thickness measurements
In order to determine the thickness of the removed material we drilled two laser holes
with a Merchantek LUV213 Laser in each sample. Following each polishing step we
measured the depth of the two laser holes with a white light interferometer, Zygo
(e.g. (Lamarre et al., 2009)), which has a relative vertical resolution of 0.01 µm. The
laser holes, as the only vertical features in samples, were also used for the alignment
of the 2-D sections and the reconstruction of the melt geometry. For this purpose a
circle was fitted to the laser holes for each sectioning step, with the coordinates of
the circle center as a reference point for vertical alignment.
Figure 2·1 shows the decrease in depth for the two laser holes vs. the section
number for sample SB11. Depth decreases equally in both holes, indicating that
the sample surface does not become canted during sectioning. The average section
thickness can be calculated from the slope of the lines as 1.6 µm. However, for the
3-D reconstruction the measured thickness for each section was used. To improve the
depth measurements and vertical alignment, a true UV laser may produce smaller
diameter holes with a smoother, more reflective bottom.
2.2.4 Image processing, 3-D reconstruction and vertical resolution
Following image acquisition, the gray-scale images need to be segmented (into melt
and solid) in order to convert them to binary images. Because melt (quenched to
glass) is softer it is preferentially removed during the final polishing steps. The
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Figure 2·1: Change in depth of the laser holes with progressive removal of
material by polishing. The two holes on either side of the imaged area show
consistent depth changes, illustrating that the sectioning process does not
result in canting of the sample surface. The average section thickness is
∼1.6 µm and the total thickness of the removed material is ∼40 µm. For
3-D reconstruction the section thickness measured for each slice was used
rather than the average.
resulting topography causes uneven illumination during imaging, and consequently
non-uniform gray scales of the glass, particularly near grain edges. Conversion to
binary images therefore required hand-digitization of melt-solid interfaces for further
processing with Image J. The mosaics of the binary images of each section were then
stacked and aligned using the laser holes.
To construct the 3-D melt surfaces from adjacent horizontal slices for sample
SB11 we used a 3-D alpha-shape technique. Loosely speaking, alpha shapes provide
us with an effective way to reconstruct a surface at a particular scale of ‘smoothness’,
controlled by the parameter alpha (Edelsbrunner and Mucke, 1994). The parameter
alpha can be varied so as to give the desired level of surface detail. For this compu-
tation we used the program CGAL, which outputs the alpha-shapes as a triangular
mesh for rendering. CGAL was also used to sample the tetrahedral mesh comprising
the alpha-complex, interpolating between the original sections to produce isometric
voxels. This uniform volume data was needed for morphological operations, such as
8erosion. Autodesk Maya was finally used to render the surface of the 3-D pore space.
2.3 Results
Figures 2·2 and 2·3 show the 2-D microstructures in samples SB11 and SB8, respec-
tively, at a scale and resolution comparable to previously published images (Faul,
1997; Faul, 2000; Wark et al., 2003; Yoshino et al., 2005; Faul and Scott, 2006).
Larger pockets of melt surrounded by more than three grains can easily be identified
in these images. At the lower melt fraction of sample SB8 some areas appear to be
melt free (Figure 2·3), but close inspection shows that all three-grain edges contain
melt in both samples. Therefore the triple junctions form a continuously connected
network. However, a number of triple junctions particularly in SB8 are one µm or
less in diameter.
Thin layers separating neighboring grains with a thickness > 20 to 100 nm can
only clearly be seen at the higher resolution in Figures 2·2 (inset) and 2·3 (inset).
Glassy layers with a thickness in the same range have been reported from transmission
electron microscope (TEM) observations of similar samples (Vaughan et al., 1982;
Cmı´ral et al., 1998). Observation of the layers at the resolution of the FESEM
imaging used here is aided by the preferential polishing of glass and rounding of
adjacent grain edges. Melt-free grain boundaries are not affected by preferential
polishing (e.g. Figure 2·2, inset). Comparison of Figures 2·2 and 2·3 shows that layers
occur more frequently in the sample with the higher melt content. The increase in
the number of wetted grain boundaries with increasing melt fraction is more obvious
in binary images, where the areas representing melt are black (Figure 2·4). While
there are some wetted grain boundaries at the lower melt content of sample SB8 the
number is significantly higher at the higher melt content of sample SB11, where the
majority of melt pockets are connected in the 2-D section. At the lower melt content
the contrast in size between the triple junctions and larger pockets is particularly
9Figure 2·2: Scanning electron microscope (SEM) image of the melt distribu-
tion in sample SB11 with an average melt content of 3.6 %. The relatively low
magnification image provides an overview of the microstructure. The differ-
ent gray-scales of olivine grains are due to orientation contrast. Single white
arrows point to triple junctions with diameters of 1 µm or less. Double arrow
heads point to wetted two-grain boundaries observable at higher resolution.
Large melt pockets surrounded by faceted olivine grains are prominent for
example near the top of the image. The white rectangles indicate the area
shown at high resolution in the inset of two triple-junctions connected by
a thin layer of melt. Melt extends also onto the grain boundary towards
the bottom of the image, but does not wet it completely. White dots in-
dicate melt-free grain boundaries which are observable by the orientation
contrast in the large image, but show no preferential removal of material due
to polishing.
evident.
Melt content and grain boundary wetness were determined from binary images
such as those shown in Figure 2·4. The binary images in this figure show a repre-
10
Figure 2·3: Mosaic of SEM images of the microstructure of sample SB8
with 1.6 % melt. As at the higher melt fraction, the melt distribution is not
uniform on the grain scale. Melt pockets bounded by more than three grains,
often with faceted interfaces, contain most of the melt. Triple junction - like
geometries are often 1 µm or less in diameter (see enlarged inset). Wetted
grain boundaries (white arrows) occur less frequently than at the higher melt
fraction.The layer of melt on the left in the inset is about 50 nm wide.
sentative section for each sample (Figure 2·6 shows all sections for SB8). The grain
boundary wetness is defined as the solid-liquid boundary area (length) divided by the
total grain boundary area (length) (Takei, 1998). The melt contents of 1.6 and 3.6
volume % were determined by averaging the values from all sections of each sample
(SB8 and SB11, respectively). The corresponding values for the grain boundary wet-
ness are 0.27 and 0.65. For comparison with these relatively coarse-grained samples
(33 µm), a fine-grained sample run at the same temperature but for two hours only
(mean grain size of 8.5 µm) with 3.9 % melt in the analyzed section has a wetness
0.32. Together, these observations indicate that the grain boundary wetness increases
with melt content at fixed grain size, as well as with grain size at (nearly) constant
11
Figure 2·4: Binary images of a section of SB8 (left, 1.6 % melt) and SB11
(right, 3.6 % melt). The scale bar applies to both images. The images show
a representative section of each sample. Melt pocket size and distribution
are linked to the shape and size of the grains in the aggregate. The smallest
pockets have the characteristic shapes of triple junction tubules. They oc-
cur at all three-grain edges, providing the backbone for interconnection and
mobility of the melt. At 1.6 % melt larger pockets surrounded by four or
more grains contain the bulk of the melt. At 3.6 % melt most of the melt is
connected even in 2-D by layers wetting two-grain boundaries.
melt content.
Serial sectioning shows that the layers separating neighboring grains can be tracked
through the sample (Figure 2·5). The persistence of the layers with depth over more
than 10 µm for larger grains shows that they can not be triple junctions sectioned
parallel to their long axes (c.f. (Wark et al., 2003)), as triple junction tubule - like
melt pockets typically are about one µm in diameter. The layers identified in 2-D
images therefore represent wetted two-grain boundaries.
For sample SB8 with 1.6 % melt reconstruction of the 3-D melt geometry by the
software was not satisfactory. Likely reasons are the small size of the triple junction
tubules (∼ one µm or less) relative to the spacing of the sections (1.6 µm), as well as
offsets between sections of tubules that are inclined. In Figure 2·6 the sections are
aligned and stacked without interpolation. In this view triple junctions can be traced
along grain edges over multiple sections with depth into the sample, but the view is
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Figure 2·5: Images of the same area from four sections of sample SB11.
The sections are separated by ∼4.5 µm each, for a total depth of 13.5 µm.
These images illustrate the persistence of melt layers (arrows) on two-grain
boundaries with depth. By comparison, larger more irregularly-shaped melt
pockets at grain corners (left side of the images) change relatively rapidly
with depth. Black areas within the melt pockets are graphite particles. The
olivine grain in the center of the images grew around an orthopyroxene grain
which can also be tracked with depth.
dominated by larger pockets of melt. These pockets change shape from one section
to the next, as also observed with relatively low resolution serial sectioning (Wark
et al., 2003). Wetted two-grain boundaries occur less frequently at this melt fraction.
Overall the melt is interconnected by the triple junction network, but a substantial
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Figure 2·6: Inclined view of the stacked sections of sample SB8. Overall, at
the grain size (33 µm) and melt fraction (∼ 1.6 %) of this sample, the melt
geometry is dominated by larger melt pockets which change relatively rapidly
with depth and contain the bulk of the melt. The triple-junction tubules
constitute an interconnected network, but their size is small compared to
the larger pockets. However, the triple junctions accommodate the flow of
melt through the matrix at this melt fraction.
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portion of the volume of the melt resides in larger pockets.
At 3.6 % melt (sample SB11, Figure 2·7) the 3-D surfaces can be reconstructed
as outlined in Section 2.2.4. The red surface represents crystal-melt interfaces, with
crystalline grains removed. At this melt content wetted grain boundaries are much
more frequent, with some grains nearly completely surrounded by melt. The irregular
appearance of some surfaces with depth is due to imperfect vertical alignment of the
sections (Section 2.2.2).
Figure 2·7: View from the top of the reconstructed 3-D melt distribution.
Overall, at the grain size (33 µm) and melt fraction (∼ 3.6 %) of this sam-
ple, the view of the 3-D melt geometry is dominated by wetted two-grain
boundaries, with some smaller grains nearly completely surrounded by melt.
The thin layers on two-grain boundaries seen in the 2-D images (Figure 2·2)
persist in 3-D, confirming that they are sheet-like rather than a sectioning
artifact of triple junction tubules.
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2.4 Discussion
2.4.1 Dihedral Angles
Image resolution is important not only for 3-D reconstruction of the melt geometry
but also for measuring dihedral angles. The first dihedral angles in the system olivine
and basaltic melt were measured on a light microscope (Waff and Bulau, 1979), with
a reported value of 50◦. Measurements on relatively low magnification backscattered
electron images resulted in a median angle of 49◦ (Toramaru and Fujii, 1986). (Daines
and Kohlstedt, 1993) reported dihedral angles of between 27 and 38◦ from SEM
images of relatively fine-grained aggregates (mean grain size < 10 µm). (Yoshino
et al., 2005) reported a dihedral angle of 34◦, while (Yoshino et al., 2009), using
higher resolution images reported a dihedral angle of 12◦ for a sample held at the
same temperature as our samples. This latter value agrees well with values of 10◦
from a TEM study (Cmı´ral et al., 1998) and 12◦ reported in (Faul and Scott, 2006)
from FE-SEM imaging. The study by (Cmı´ral et al., 1998) also illustrates the effect
of faceting on dihedral angles at the scale of tens of nm at low melt fractions.
In the isotropic equilibrium model of surface energy-controlled melt distribution
wetted two-grain boundaries occur only for dihedral angles equal to zero. The result-
ing melt films are uniform in width for all grain boundaries, with a thickness that
can be calculated from the force balance across the interfaces (e.g. 2 nm thick films
for Si3N4, (Clarke, 1987)). In the olivine-basalt system examined here some grain
boundaries are wetted by melt (a dihedral angle of zero), but for others the dihedral
angle is greater than zero (a melt-free grain boundary to a resolution of 1 nm is shown
for example in (Faul et al., 2004), their Figure 6). The thickness of the melt layer
wetting some of the grain boundaries is not uniform, and their number increases with
melt fraction. These observations indicate that the melt distribution in this system
can not be explained by considering the surface tension balance at individual grain
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junctions in isolation from the aggregate as a whole.
2.4.2 Comparison with X-ray tomography
A synchrotron X-ray microtomography study was conducted by (Zhu et al., 2011) to
obtain 3-D images of the melt geometry in experimentally produced samples of olivine
with added basaltic melt. Due to the small contrast between silicate melt (glass) and
olivine they used an edge enhancement technique to help with the extraction of solid-
melt interfaces. The reported resolution of 0.7 µm means that smaller triple junctions
and the layers on two-grain boundaries could not be resolved.
The inability to resolve some of the triple-junctions by X-ray microtomography
is consistent with the connectivity analysis provided by (Zhu et al., 2011). In the
ideal isotropic system the connectivity of nodes (four-grain junctions) should be four,
while the X-ray tomographic study found 50% single-connected nodes at their lowest
melt content of 2%. These single-connected nodes are dead-ends (Figures 2A and
3A in (Zhu et al., 2011)), i.e. they imply melt-free three-grain edges. With a further
decrease in melt fraction, X-ray tomography would therefore predict loss of connec-
tivity of the melt. In contrast, high resolution TEM imaging of a sample with a melt
fraction of ∼ 10−4 showed that all three-grain edges contain melt (Faul et al., 2004).
The importance of sufficient resolution is illustrated by a comparison of Figure
2·8a, showing a subset of the imaged volume of the sample SB11 at the resolution
of this study, and Figure 2·8b where the same volume is eroded to a resolution
comparable to the X-ray tomography (i.e. a voxel size of 0.7 µm). The erosion
removes the layers on two-grain boundaries as well as some triple-junctions. The
resultant change in melt geometry and connectivity affects all physical properties of
the partially molten rock. Another consideration is that, as stated by (Zhu et al.,
2011), the software used to determine the connectivity is not suitable for the analysis
of sheets or layers.
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Figure 2·8: Detail of the 3-D pore space from the volume shown in Figure
2·7. (a) At the full resolution of this study melt layers on grain boundaries
and small triple-junctions are present. The voxel size is 0.025 µm. (b) The
same volume as in (a) sampled with a voxel size of 0.7 µm, the resolution of
the X-ray tomographic study (Zhu et al., 2011). The thin layers of melt are
not captured at this resolution.
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2.4.3 Origin of wetted two-grain boundaries
Grain growth as well as the geometry of intergranular melt is the result of surface
energy reduction. For both cases the chemical potential µ is proportional to the
ratio of surface tension γ and a radius of curvature, r, as µ ∼ γ/r. For grain growth,
the radius in this equation is the mean grain size of the aggregate (Atkinson, 1988),
while for establishment of the dihedral angle r is the mean interfacial curvature of
the abutting grain surfaces (Waff and Bulau, 1979). For both processes, occurring
simultaneously in the same system and hence driven by the same surface tension,
the chemical potential can be decreased by increasing r. Steady state grain growth
is characterized by a self-similar normalized grain size distribution (Faul and Scott,
2006).
During grain growth of a polycrystalline aggregate, grains below a certain radius
shrink, while larger grains grow. Shrinking grains eventually disappear, requiring
adjustment of the local grain surface geometry of their former neighbors. Conse-
quently, the melt geometry is not fixed by static surface tension equilibrium between
unchanging neighboring grains, but is the result of a dynamic process responding to
continually changing grain surfaces. This process is directly observable in a partially
molten analogue system consisting of norcamphor and ethanol (Walte et al., 2003).
These experiments show that even for a relatively isotropic system wetted two-grain
boundaries are a transient feature of continuing grain growth. However, while indi-
vidual features are transient, the aggregate as a whole will always have a fraction of
wetted two-grain boundaries as grain growth proceeds. For partially molten olivine
wetted two-grain boundaries are further stabilized by the small dihedral angle (Cmı´ral
et al., 1998; Faul and Scott, 2006), implying that the surface energy difference be-
tween a wetted and a melt-free two-grain boundary is small. Large pockets of melt
are stabilized at the site of shrinking grains due to the establishment of slow-growing,
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faceted grain surfaces (Waff and Faul, 1992).
2.5 Implications
2.5.1 Seismic Properties
Wetted two-grain boundaries significantly change the physical properties of partially
molten rocks. Melt can affect seismic velocities and attenuation by a number of
processes, among them melt ‘squirt’, the flow of melt between adjacent inclusions
with different orientations relative to the applied stress (Mavko and Nur, 1975).
Depending on the aspect ratio (ratio of short to long axis) of the assumed ellipsoidal
inclusions and the viscosity of the melt, this process can occur at seismic frequencies,
and hence cause attenuation due to melt (e.g. (O’Connell and Budiansky, 1977)).
Melt squirt should result in a peak in attenuation at the frequency at which squirt
flow occurs.
Aspect ratios determined from relatively low resolution images in 2-D have a value
around 0.05 when inclusions connected in 2-D images are analyzed as a whole (Faul
et al., 1994). With these aspect ratios, based on the analysis of (Schmeling, 1985) (see
also (Hammond and Humphreys, 2000)), melt squirt occurs at frequencies above those
used in the experiments of (Jackson et al., 2004) and (Faul et al., 2004) and hence can
not be the cause for the experimentally observed attenuation peak. Instead, this peak
was ascribed to elastically accommodated grain boundary sliding. However, a recent
theoretical analysis of grain boundary sliding, utilizing somewhat relaxed geometric
constraints relative to an earlier model (Raj and Ashby, 1971), similarly predicts
that this process occurs at higher frequencies or lower temperatures (Morris and
Jackson, 2009). Correspondingly, the relatively mild plateau observed experimentally
in melt-free samples moves out of the seismic frequency band to frequencies above
1 Hz at 900◦C at a grain size of 3 µm (Jackson and Faul, 2010). By contrast, the
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peak observed only for melt-bearing samples leaves the seismic frequency band at a
temperature of about 1250◦C at a grain size of 9 µm (Jackson et al., 2004).
Individual layers on two-grain boundaries have significantly lower aspect ratios
than the combined inclusions that were examined by (Faul et al., 1994). At exper-
imental grain sizes of ∼30 µm, the aspect ratio for a 10 - 100 nm thick layer is of
order of 10−3 to 10−4. For this aspect ratio melt ‘squirt’ is predicted to occur in the
frequency range of the experiments, consistent with the experimental observations
(Jackson et al., 2004). The correlation of peak height with melt fraction can be at-
tributed to an increasing number of low aspect ratio inclusions with increasing melt
fraction, as observed for the samples in this study.
For a squirt-related attenuation peak to be in the seismic frequency range, aspect
ratios of melt inclusions in the mantle have to be in a similar range as in the experi-
ments. With estimated grain sizes from 1 mm to 1 cm, the layer thickness of wetted
grain boundaries in the upper mantle needs to be in the range from 100 nm to 1
µm for observable melt-related attenuation at seismic frequencies. Measurement of
the wetness for samples with similar melt content shows that the wetness increases
with increasing grain size (Section 2.3). At mantle grain sizes in the range from mm
to cm wetted grain boundaries may therefore occur more frequently at lower melt
fractions relative to the experimental grain sizes. Further work is needed to quantify
the relationship between grain size and wetness for constant melt content.
Seismological studies of subduction zones find Q values that are too low to be
explained by temperature alone (e.g. north-eastern Japan (Takanami et al., 2000),
Nicaragua and Costa Rica (Rychert et al., 2008). Back-arc regions tend to have
lower Q than the arc itself, for example in the Lau Basin (Roth et al., 1999; Wiens
et al., 2008), Marianas (Pozgay et al., 2009), and the central Andes (Schurr et al.,
2003). Since the lowest velocities and highest attenuation are observed beneath the
back-arc rather than the arc (where the highest water contents are observed, (e.g.
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(Kelley et al., 2010)), it is likely that melt plays a significant role for the seismic
properties. Melt-related attenuation precludes triple-junction tubules as the cause
since the attenuation peak occurs at higher frequencies, outside the seismic band (e.g.
(Schmeling, 1985; Takei, 2002)).
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Chapter 3
Permeability of Partially Molten Rocks
from Lattice-Boltzmann Modeling
3.1 Observational Constraints on in situ Melt Fractions in
the Upper Mantle
Geochemical analyses of mid-ocean ridge basalts (MORB) reveal distinct signatures
of strongly incompatible elements and radiogenic nuclides (Spiegelman and Elliott,
1993; Richardson and McKenzie, 1994) which are used to model mantle melting
processes. With the assumption that radiogenic nuclides are in equilibrium within
mantle sources, the observed U-series disequilibria in MORB are a result of fraction-
ation of parent from daughter isotope due to different partition coefficients between
melt and solid in garnet and spinel stability fields. However, all those isotopes are
highly incompatible. To preserve their disequilibria from the onset of melting to
the surface they need to be fractionated at porosities of the order of 0.1% or less
and transported rapidly at these low porosities (e.g. (Spiegelman and Elliott, 1993;
Lundstrom et al., 1998; Lundstrom et al., 1999)) .
In contrast to these inferences, seismic observations from Mantle Electromagnetic
and Tomography Experiment (MELT) ((MELT, 1998)) show evidence of an about
600 km wide region beneath East Pacific Rise spreading center (17oS) that is inferred
to contain between 1% and 2% of basaltic melt. Based on the observed ratios between
arrival times of P and S waves the study concluded that the melt is present in thin
films. It also showed that the trace amounts of melt occur at 150 km depth and that
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the primary melt production begins at about 100 km, in the garnet stability field.
Since melt generation starts at the grain scale, the mechanism of the initial seg-
regation of melt from the rock is grain-scale porous flow. The efficiency of this flow
is critically depended on the permeability of the partially molten rock. This per-
meability is modeled with equation 3.5 (below) and it is mainly determined from
theoretical and empirical models ((Turcotte and Schubert, 2002; von Bargen and
Waff, 1986; Faul, 1997; Wark and Watson, 1998; Faul, 2001; Zhu et al., 1995)).
3.2 Theoretical Background for Flow in Porous Media
General modeling of fluid flow in a porous medium can be performed on a macroscopic
or microscopic scale. Porous medium on a macroscopic scale is continuous and it is
usually defined by its porosity (fraction of pore volume within the total volume) and
its permeability (ability to allow fluid to flow through). The flow modeling on the
macroscopic scale involves solving the Navier-Stokes differential equations, expressing
the local conservation of momentum, together with the continuity equation, meaning
the conservation of mass. The Navier Stokes equations for a Newtonian fluid with
the assumption of constant density (ρ), viscosity (µ) and isothermal process have the
following form:
ρ(
∂
∂t
~v + (~v∇)~v) = ρ~g −∇p+ µ∇2~v (3.1)
where ~v is the velocity vector, and ~g is the gravitational acceleration. Conservation
of mass can be expressed as:
∂ρ
∂t
+∇ρ~v = 0 (3.2)
The solution to the Navier-Stokes equations is the velocity field and the associated
pressure field. However, the Navier Stokes equations are nonlinear, second order
partial differential equations, so very few analytical solutions exist. Therefore, the
equations are usually solved numerically using conventional computational fluid dy-
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namics (CFD) schemes such as finite difference, finite element and finite volume
method. They are further constrained with boundary and initial conditions and ul-
timately yield a model of a porous medium at a given scale. For example, a flow
of magma driven by pressure gradient through a pipe (Poiseuille’s flow) gives the
following relation:
dp
dx
= −32µu¯
δ2
(3.3)
where δ is the pipe (channel) diameter, µ is fluid viscosity and u¯ is mean fluid
velocity. This equation further combined with Darcy’s law gives the relation between
the permeability of the porous medium, k, pipe length b and porosity, Φ:
k =
b2Φ2
72Π
(3.4)
Or, more general, permeability as a function of porosity, k and grain size, d within
a solid aggregate can be written as:
k =
d2Φn
C
(3.5)
This equation is also referred to as Kozeny-Carman equation. The parameters C and
n depend on the pore geometry. For a uniform network of cylinders on a cubic grid
((Turcotte and Schubert, 2002)) and also for an idealized model of melt distribution
in partially molten olivine ((von Bargen and Waff, 1986)), n = 2.
A key disadvantage of this macroscopic approach is that it is unable to capture
the behavior of fluid on a microscopic scale which is particularly important in case of
larger geometric complexity of the pore space and spatial dimensions on the micron
to sub-micron scale.
As an alternative, porous flow can also be modeled on a microscopic scale using
lattice-Boltzmann methods (LBM)((Chen and Doolen, 1998; Succi, 2001)). These
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methods are based on the local, microscopic fluid dynamics incorporating a proba-
bilistic model of particle motion, as opposed to simulation of motion of individual
particles. The ability to handle complex geometric boundaries makes LB methods
particularly suitable for pore-scale flow and transport modeling at low porosities.
These methods are based on the Boltzmann equation:
∂f
∂t
+ ~v∇f + ~F∇vf = Ψ(f(x, t)) (3.6)
where ∂f
∂t
represents the change of the distribution function of the particles, ~v is the
microscopic fluid velocity, ~F is the force field and Ψ(f(x, t)) is the collision term. The
collision term has a crucial significance in the Boltzmann equation. In the original
formulation it is a momentum space integral, taking into account collisions between
two particles and involving the differential cross-section and the magnitude of relative
moments of particles before and after collision. In various LB models different forms
of collision term are used. The BGK (Bhatnagar-Gross-Krook)((Chen and Doolen,
1998; Succi, 2001; Latt et al., 2008)) model is considered to be the classic LB model,
based on the approximation of the collision term with the operator that brings the
velocity distribution function closer to the equilibrium distribution f 0:
Ψ(f(x, t)) = −1
τ
(f(x, t)− f 0(x, t)) (3.7)
Here, τ denotes relaxation time, related to viscosity.
Further, a discretization of the problem is applied in order to solve (3.6). Physical
space is represented as a regular grid, in this case a square or a cubic lattice, with a
fixed, limited set of discrete velocities vi. The time evolution of the particle distribu-
tion function fi(x, t), giving the probability for a particle moving with velocity vi to
occupy location x at time t is computed by the equation of the following form:
fi(x+ vi∆t, t+ ∆t) = fi(x, t)− 1
τ
(f 0i (x, t)− f 0(x, t)) (3.8)
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This is a discrete velocity Boltzmann equation which is also spatially and temporally
discretized. For a detailed overview of the derivation of lattice-Boltzmann equation
(LBE), the underlying equation of LBM, see for example (Chen and Doolen, 1998;
Succi, 2001).
The algorithm for solving equation 3.8 consists of two alternating steps, the prop-
agation or streaming step and the collision step. The collision term is calculated
for each cell of the lattice and at each time step (this involves calculation of the
equilibrium distribution function), which yields:
f
′
i (x, t) = fi(x, t)−
1
τ
(f 0i (x, t)− f 0(x, t)) (3.9)
Next, in the streaming step, a particle moves to the neighboring position in the
lattice, according to the direction of its corresponding velocity:
fi(x+ vi∆t, t+ ∆t) = f
′
i(x, t) (3.10)
The streaming and collision can be performed only in certain directions which are
determined by the type of the lattice used. For example, the D3Q19 lattice implies
19 velocity vectors, one being in the center of a cube (~0) and the others pointing
either towards a center of the cube face or a center of the cube edge (e.g.(Friedrich
et al., 2006).
The LB methods are computationally very intensive, but can be effectively par-
allelized because particle motion can be decomposed over many processors which
enables flow simulations through large data sets. The methods have been extensively
validated in the literature (e.g. (Ferreol and Rothman, 1995; Chen and Doolen, 1998;
Succi, 2001; Keehm et al., 2004; Friedrich et al., 2006; Degruyter et al., 2010; Watson
and Roberts, 2011)).
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3.3 Simplified Models and Experiments on Porous Media
Applied to Partially Molten Rocks
(Turcotte and Schubert, 2002) proposed a model of porous medium as a uniform
network of cylinders (melt channels) in a matrix of cubes (solid). The parameters
n and C from the equation 3.5 are in this case 2 and 226, respectively. The same
value of n is obtained by simulating porous flow through a network of triple-junction
tubules which is an idealized model of melt distribution in partially molten rocks
((von Bargen and Waff, 1986)), with C = 1600. An increase in porosity in both
of those models will result in an increase in melt channel diameter. Therefore, the
models are self-similar, the melt geometry does not change with melt fraction.
In a study by (Zhu et al., 1995) cylinders in a cubic matrix are used to model a
porous flow with different porosity reduction mechanisms. The authors identified two
distinct regimes within permeability - porosity relationship. First, the reduction in
porosity was obtained by randomly varying cylinder diameters keeping the pore space
completely connected. As a result for this regime, they obtained porosity exponent
of n = 3 for the equation 3.5. They also highlight that the size of the interconnecting
throats (the narrowest passages in the pore space) controls the transport properties,
even though the contribution of those throats to the overall porosity is small. In
the second regime the pore distribution was the same, but the pore connectivity was
progressively reduced which resulted in a rapid decline in permeability which was not
possible to be modeled with the porosity exponent of n = 3.
In a further study, (Zhu and Hirth, 2003) developed a 3-D network model of a
partially molten rock. The model consists of triangular prisms in a tetrakaideka-
hedral matrix with a heterogenous melt distribution and with varying olivine and
orthopyroxene (Opx) contents. They show that the best fitting porosity exponent for
a system with 80% of olivine is n = 2. This exponent increases to n = 3 for porosities
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above 0.1% with the increase in Opx to 60%.
Experimental measurements of permeability are generally obtained for large porosi-
ties. (Wark and Watson, 1998) used quartzite and marble aggregates as analogs of
texturally equilibrated rocks to measure permeability. The experiments were con-
ducted at ambient conditions on quenched samples with porosities between 0.6% and
17%. Porous flow was simulated with air. They obtained the best fitting porosity
exponent of n = 3 and the constant C = 200. Close inspection of sample images in
their Figure 5 shows that the pore geometry of texturally equilibrated quartzite and
marble is more regular compared to the melt geometry in partially molten olivine.
For example, in marble, most of the porosity is in triple-junction tubules. In con-
trast, triple junction tubules in partially molten olivine account only for about 10%
of porosity ((Faul, 1997)). Further, the authors report that the samples developed
numerous microfractures due to quench. It is very likely that the measured perme-
abilities are affected by those microfractures at the lowest porosities.
(Connolly et al., 2009) use high-pressure and high-temperature centrifuge exper-
iments to measure the compaction-driven flow of basaltic melt in olivine aggregates
with porosities of 5% to 12%. They assumed that the rate of melt flow is controlled
only by permeability of olivine matrix. They conclude that the resulting permeabil-
ities are consistent with permeabilities predicted by theoretical models. However,
above 5% melt is well interconnected and those results cannot be extrapolated to
lower porosities because the geometry of melt is very different.
A different model is proposed by (Faul, 1997). It is based on the specific ge-
ometry of melt in partially molten olivine (olivine + basaltic melt) characterized by
low aspect ratio inclusions. The author proposed that the shape of melt in the 3-D
could be best approximated by low aspect ratio disks. Those disks are interconnected
with triple junction tubules. The width of the triple-junction tubule network controls
permeability until the melt fraction reaches a threshold value and disks become inter-
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connected and permeability increases steeply. A permeability threshold is predicted
to occur between 2% and 3% of porosity. For lower porosities the author computes
permeability using the equation 3.5 and parameters n = 3 and C = 200 taking only
porosity of triple-junction tubules into account.
Figure 3·1 compares permeability - porosity relation for different models. Per-
meabilities converge at higher porosities, above 5%. However, they differ several
orders of magnitude for small porosities. Here, I investigate numerically the evolu-
tion of permeability at small porosities with changing geometry of the pore space. In
particular, I investigate the relative importance of wetted two-grain boundaries on
permeability of a partially molten rock staring with a very simplified pore structure.
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Figure 3·1: Permeability - porosity relationships for different models. Per-
meabilities at a grain size of 1 mm calculated from a self-similar model TS82
(Turcotte and Schubert, 2002), BW86 (von Bargen and Waff, 1986), mea-
sured on texturally equilibrated rocks WA98 (Wark and Watson, 1998) and
predicted for partially molten dunite (olivine+basalt) FA01 (Faul, 2001).
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3.4 Generation of the Pore Space
I developed a Fortran code to generate a synthetic pore structure, which in its sim-
plest form consists of a network of cylinders, representing the melt volume, within a
solid matrix of cubic grains. The cylinders are located at the edges of the cubes in the
three spatial dimensions. To approximate the melt geometry determined from serial
sectioning in Chapter 2 I added randomly distributed sheets on cube faces (“wet-
ted two-grain boundaries”) as well as randomly distributed spheres on cube vertices
(“large melt pools”). This artificial pore volume is intended to capture the basic pore
shapes observed in experimentally derived samples and it is a very simplified version
of the partially molten rock. In particular, the model uses only a single, uniform
grain size, in contrast to the grain size distributions observed in natural and exper-
imental samples. Figure 3·2 shows an example of the model volume with a network
of cylinders and randomly distributed sheets.
Figure 3·2: Synthetic porous medium of a network of cylinders on a cubic
grid together with randomly distributed sheets on cube faces.
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A number of input variables need to be specified for each simulation. The variables
are the number of cubes (grains), the size of each cube in terms of the number fine grid
cells (voxels) in each coordinate direction (x, y and z), porosities of cylinders, spheres
and sheets, width of the sheets and radius of the spheres. In the following only one
size for sheets and spheres (i.e. width or radius, respectively) are modeled. Based on
the predetermined porosity for cylinders the code calculates their diameter in terms
of fine grid cells. From the sheet width and porosity of sheets the number of sheets
are calculated. This number is then compared to the maximum number of sheets
that is possible prior to the next step. The sheets are then randomly distributed on
cube faces. From the porosity of spheres and the sphere radius the number of the
spheres is calculated, compared to the total possible number of spheres and then the
spheres are randomly distributed on cube vertices. The outer surfaces of the model
volume do not contain any of the pores.
A limitation that should be mentioned here is that circular pore shapes are con-
structed on a square grid of voxels. The size of the fine grid cells therefore should be
much smaller than the size of the radii of cylinders and spheres. To find the optimal
size of the fine grid cells per cube the porosity of this volume is calculated from the
output data file as the ratio of the number of pore voxels to the total number of vox-
els, and compared to the input porosity. To maintain a similar relationship between
pore and grain size as as in the experimental samples, the width of the sheets needs
to be at least 100 times smaller than the cube size. This scaling relationship also
allows changing porosities in 0.5% increments, but very rapidly leads to large data
sets and makes the computation very challenging. A resolution of 110 fine-grid cells
per cube edge length is found to be adequate for these requirements.
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3.5 Implementation of Lattice Boltzmann modelling with
Palabos
To simulate the porous flow through this artificial volume and compute permeability
I use the software package Palabos (Latt, 2012)). Palabos is an open-source package
for computational fluid dynamics that is based on the lattice-Boltzmann methods
described above. It is enabled to run in parallel utilizing the message passing interface
(MPI) protocol for parallel computing. To confirm that the parallelization is enabled
and to determine the optimal number of processor to be employed in each run I
conducted a test to determine the efficiency of Palabos as a function of the number
of processors (Figure 3·3)
number of processors
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Figure 3·3: Efficiency of Palabos parallelization for a volume of 4003 voxels.
Based on these results 48 processors per run are chosen.
Palabos offers a choice of all three available 3-D lattices for LB simulations
(D3Q15, D3Q19, and D3Q27). The choice of the lattice defines the connectivity
criterion which further defines the direction of collision and streaming of the fluid
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particles. I use D3Q19 lattice (e.g. (Friedrich et al., 2006; Degruyter et al., 2010;
Watson and Roberts, 2011)) which means that solid voxels that touch liquid via
face or edge connectivity are turned into boundary elements. Palabos also applies
the standard Bhatnagar-Gross- Krook (BGK) collision operator and “bounce-back”
boundary conditions.
To prepare the input data for Palabos I begin with binary data (each voxel be-
longing either to the pore space or to the solid matrix) on a regular grid generated
with Fortran code (see below). A further step in data preparation for the input into
Palabos involves reclassifying some voxels into boundary elements using a connectiv-
ity code written for this purpose and based on the connectivity criterion that was
chosen. In addition, input data for Palabos contains pressure gradient and the size
of the porous medium in all three directions.
The flow is simulated through a pressure gradient in one spatial direction. The
fluid velocity is initially set to zero and fluid flow is initialized by the imposed pressure
gradient between the inlet and the outlet. Steady state is reached when the standard
deviation of the average energy from streaming and collisions, measured over a fixed
number of time steps, falls below a given threshold value (30000 time steps, and a
threshold value of 10−9). I also varied the pressure gradient to verify that the flow was
laminar. At the end of the simulation, permeability is computed from the velocity
distribution and pressure gradient. The permeability is expressed in lattice units.
This value is further converted to physical units by multiplying with the length of
the voxel size squared.
3.6 Results
Flow simulations were run on Katana and Shared Computer Cluster (SCC). Prior
to the successful completions of the flow simulations there was an extensive testing
phase of each of the used codes, first separately and then as a sequence. Figure
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3·4 shows velocity isosurfaces, the Palabos output, visualized with Paraview during
the initial testing phase for a small volume. Flow in the simulations is driven by a
pressure gradient along one of the coordinate axes.
Figure 3·4: Velocity isosurfaces. Only cylinders in the flow direction are
shown. Note velocity dissipation (nodes) at the intersection with cylinders
in other directions. Flow is driven by a pressure gradient along one of the
coordinate axes (from the bottom to the top in this case).
Transition to large data sets (more than 2 GB of input data) required an additional
tuning of the connectivity and Palabos code. For example, a function in Palabos
that generates the output for visualization is commented out because it significantly
slows down run duration times eliminating almost all benefits of parallelization. For
a comparison, with all the improvements, each simulation described below takes
between 72 hours and 120 hours, depending on the number of available nodes and
also on the memory capacity of each node and/or occupancy of the node. This result
is largely skewed towards longer time.
The first group of simulations was done for a volume of 6603 voxels, which con-
sisted of 6 cubes in each direction with 110 voxels per edge in a cube. Two different
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pore geometries were modeled. First, flow simulations were done through a network
of cylinders located at the edges of the cubes. For the next set of simulations ran-
domly distributed spheres were added at the intersection of cylinders. The porosity
of cylinders was held constant at 0.7%, and the remaining porosity was distributed
into spheres.
A second group of flow simulations were run with a volume of 11003 voxels,
consisting of 20 cubes in each direction with 55 fine grid cells per cube. The initial
pore space consisted again of cylinders on a cubic grid as for the smaller model
volume. The next set of runs used the same number of voxels (11003) and cylinders
on a cubic grid with added randomly distributed sheets on cube faces. The porosity
of cylinders for this case was held constant at 1%, and the remaining porosity was
distributed into the sheets.
The summary of model parameters employed in these simulations is given in Table
3.1. The results of these simulations, scaled to the grain size of 1 mm, are shown in
Figure 3·5.
Figure 3·5 shows a comparison of the permeability computed with Palabos with
the analytical solution given by (Turcotte and Schubert, 2002) for a self-similar net-
work of cylinders on a cubic grid. At low porosities the computed permeabilities
match the analytical solution relatively well. At higher porosities the permeability
computed with Palabos is systematically lower than the analytical solution. This is
likely due to the fact that there is no flow in cylinders located at the outer surfaces of
the model volume. To minimize the effect of the finite volume, the number of grains
should be increased. The effect of increasing the number of grains can be seen in
the same Figure where the permeability calculated for 20 cubes is somewhat closer
to the analytical solution than for six cubes. However, the number of cubes can not
further be increased at a fixed number of voxels as the resolution of the porosity
decreases. As expected, adding porosity in the form of spheres does not increase
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Table 3.1: Summary of parameters employed in each of the numerical exper-
iments
exp. no. designation no. no. voxels porosity permeability,
cubes per cube m2
1 PalBench 16 43 100 0.05 3.73 x 10−12
2 PalBench 32 43 100 0.05 3.73 x 10−12
3 PalBench 48 43 100 0.05 3.73 x 10−12
4 cylinders6 63 110 0.009 5.65 x 10−13
5 cylinders6 63 110 0.012 8.34 x 10−13
6 cylinders6 63 110 0.017 1.02 x 10−12
7 cylinders6 63 110 0.023 1.81 x 10−12
8 cylinders6 63 110 0.032 3.11 x 10−12
9 cylinders6 63 110 0.041 4.40 x 10−12
10 cylinders20 203 55 0.009 4.45 x 10−13
11 cylinders20 203 55 0.02 1.28 x 10−12
12 cylinders20 203 55 0.049 6.38 x 10−12
13 cylinders20 203 55 0.062 1.04 x 10−11
12 cylinders spheres 63 110 0.014 1.70 x 10−13
13 cylinders spheres 63 110 0.024 2.08 x 10−13
14 cylinders sheets2 103 110 0.022 5.14 x 10−13
15 cylinders sheets2 103 110 0.041 1.36 x 10−12
16 cylinders sheets2 103 110 0.051 1.69 x 10−12
17 cylinders sheets6 103 110 0.011 3.74 x 10−13
18 cylinders sheets6 103 110 0.013 4.49 x 10−13
19 cylinders sheets6 103 110 0.035 1.23 x 10−12
19 cylinders sheets6 103 110 0.037 1.38 x 10−12
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the permeability when the diameter of the interconnecting elements, the cylinders,
remains the same.
Figure 3·5: Permeability of a network of cylinders, cylinders and sheets and
cylinders and spheres calculated with Palabos compared to the analytical
solution by (Turcotte and Schubert, 2002). The explanation of the symbols
and the additional details about the model setup can be found in Table 3.1.
The key result here is that permeabilities of all the cylinder-only model vol-
umes are consistent with the analytical solution (within errors as described
in text) but when sheets are added there is a significant drop in permeabil-
ity. The other important point for the case of a network of cylinders and
spheres is that the spheres (“large melt pools”) do not contribute to the over-
all permeability. The permeability depends only on the size of the smallest
connecting elements (cylinders).
Initial results for mixed geometries consisting of cylinders and sheets show that the
permeability is lower than that for cylinders only at porosities up to 4%. This result
holds even as the overall permeability for cylinders is somewhat underestimated.
The permeability also increases more steeply with increasing porosity relative to
cylinders only. Additional model runs are needed to establish the permeability-
porosity relationship, particularly at porosities below 2%. The effects of a lower
fraction of the porosity in cylinders also needs to be investigated.
The overall aim of the lattice-Boltzmann modelling is to calculate the permeability
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for the pore spaces reconstructed in Chapter 2. To begin testing the feasibility of this
goal I also ran a flow simulation through one fraction of the sample SB11 with 3.6%
of melt, of the size 1024x1024x583. The resulting permeability is 5.07 ∗ 10−10m2,
much higher than that predicted for cylinders. The volume in this model run is
not a representative volume of the pore geometry, but much larger volumes can not
be modelled with current resources due to time and memory limitations. We have
successfully applied to conduct trial runs on the NSF XSEDE facility which will allow
significantly larger model volumes.
3.7 Summary and Implications
The results obtained so far show that flow modeling with a lattice-Boltzmann ap-
proach can be successfully employed to calculate permeabilities at low melt fractions.
The high resolution needed for low porosities still requires significant computational
resources and long run durations. However, as geochemical models imply that melt
migration takes places at porosities below 1%, quantitative assessment of permeabil-
ities at these porosities is required.
The results presented here show that mixed pore geometries inferred to be more
representative of experimentally observed melt geometries have lower permeabilities
at a given porosity than idealized, self-similar geometries. This implies that melt
fractions in partially molten regions in the mantle need to be correspondingly higher
for segregation of the melt from the upwelling matrix to take place. U-series isotope
disequilibria therefore are unlikely to originate in the deepest part of the partially
molten region at the onset of melting, as the porosities required for melt segregation
are much larger than those implied by the partition coefficients of U-series nuclides.
Instead, shallow melt infiltration and reaction processes at the thermal boundary
layer as those described from field observations in the next chapter may be involved
in creating trace element and isotopic signatures of mid-ocean ridge basalts.
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Chapter 4
Deformation and Melt Migration in a
Developing Rift System: A Case Study of
the Krivaja Peridotite Massif
4.1 Introduction
Experimental work is by necessity conducted with grain sizes that are much smaller
than those inferred for the upper mantle. For example, in order to deform olivine
in the diffusion creep regime grain sizes < 10 - 15 µm at laboratory strain rates of
10−4 to 10−6 s−1 are required (e.g. (Hirth and Kohlstedt, 1995; Faul and Jackson,
2007)). Grain growth in partially molten samples to a mean grain size > 30 µm
requires a temperature of 1350◦C at a experimental duration of three weeks for dry
olivine (Faul and Scott, 2006). Simply increasing the starting grain size is not a
viable option as these experiments will not reach a steady state grain size or melt
distribution (e.g. (Faul, 1997)). Similarly, experiments on seismic properties are
conducted on relatively fine-grained aggregates to achieve steady state grain size and
melt distributions (Jackson et al., 2002; Jackson et al., 2004; Faul et al., 2004).
A recurring question is whether the trends with grain size observed in the experi-
ments can be extrapolated to mantle grain sizes, which are inferred to be two orders
of magnitude larger. This is particularly the case for the melt geometry observed
in experiments, which can not be described by a simple theoretical model ((Garapic´
et al., 2013), Chapter 2). Previous attempts to asses the melt distribution in natural
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rocks (Jousselin and Mainprice, 1998) were hampered by alteration, possibly prevent-
ing identification of relatively thin former melt layers on two-grain boundaries, and
strong lattice preferred orientation of the olivine, as well as shape preferred orienta-
tion of the inferred former melt pockets. Olivine-rich troctolites containing interstitial
plagioclase and clinopyroxene are natural analogues of experimentally produced par-
tially molten rocks. The troctolites examined in this study originate in the Krivaja
peridotite complex in central Bosnia. A unique aspect of this peridotite body is that
it has fairly extensive outcrops of locally relatively unaltered olivine-rich troctolites,
which represent crystallization of a trapped melt in the form of interstitial plagioclase
and clinopyroxene.
Analysis of what is potentially an interstitial melt geometry in natural rocks is
particularly useful for evaluation of the effect of melt on seismic velocities. Increasing
resolution of tomographic models showing very low velocities and high attenuation
(e.g. (Hammond and Toomey, 2003; Nakajima et al., 2005; Rychert et al., 2008;
Wiens et al., 2008; Pozgay et al., 2009)), as well as receiver function studies indicat-
ing sharp velocity drops over a limited depth range (e.g. (Kawakatsu et al., 2009;
Schmerr, 2012) are interpreted to imply at least locally significant melt contents in
the Earth’s upper mantle. Experimentally determined seismic properties of partially
molten rocks exhibit a significant sensitivity to melt, but extrapolation to mantle
grain sizes assumes that the melt geometry is similar to the experimental one.
4.2 Geologic Setting of the Krivaja-Konjuh Peridotite Mas-
sif
The Dinaride ophiolite belt is part of the Alpine-Himalaya suture zone of the for-
mer Tethys ocean that separated Gondwana and Eurasia during the Mesozoic (e.g.
(Robertson et al., 2009; Dilek and Furnes, 2011)). The Krivaja-Konjuh massif in
central Bosnia (Figure 4·1) is one of the largest complexes within this belt with an
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area of ∼ 550 km2 (Pamic´ et al., 2002; Bazylev et al., 2009). For comparison, the
Ronda massif in southern Spain has an area of about 300 km2 (Soustelle et al., 2009).
The Krivaja-Konjuh massif is divided into western part (Krivaja) and eastern part
(Konjuh). The Konjuh portion is not further discussed here.
Figure 4·1: Geological map of the Krivaja-Konjuh peridotite body with sam-
ple locations. Olive green colors indicate peridotite, the central darker green
colors indicate troctolites and gabbros. To the south the somewhat lighter
greens indicate amphibolites of the metamorphic sole. In the north the mas-
sif is bounded by Triassic (pink) and Jurassic (light blue) limestones. Sample
locations marked in red represent spinel peridotites, blue are plagioclase peri-
dotites. ‘KK Fault’ shows the location of the picture of the fault (Figure 4·3)
separating the Krivaja and Konjuh parts of the peridotite body. Black scale
bar represents 5 km.
The southern margin of the Krivaja consists of amphibolites ranging from garnet
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amphibolite to greenschist facies, which have been interpreted as metamorphic sole.
In the south-east the peridotite is bordered by a mixture of Jurassic volcanic and
sedimentary rocks (ophiolitic me´lange). To the north and west the peridotite is
surrounded by Triassic to Jurassic limestone.
We examined the contact between peridotite and limestone in a limestone quarry
in the north-western corner of the massif (Figure 4·1). This contact showed only
minor calcite veins extending into the overlying completely serpentinized peridotite,
suggesting cold temperatures during final emplacement (Figure 4·2). In the south em-
placement ages obtained by K-Ar dating of amphibolites from the metamorphic sole
range from 157 - 170 Ma (Pamic´ et al., 2002), although a Sm-Nd isochron from peri-
dotites suggests a younger age of 136 Myr (Lugovic´ et al., 1991). A supra-subduction
origin for the whole of the Krivaja-Konjuh massif is inferred from the geochemistry
of nearby but not directly spatially associated diabase and spillite (Lugovic´ et al.,
1991; Lugovic´ et al., 2006). These extrusive rocks may only be genetically related to
the more depleted Konjuh portion of the massif.
Figure 4·2: Contact between peridotite (above) and Triassic limestone at
the NW corner of the Krivaja complex.The peridotite is completely serpen-
tinized. Only a few minor calcite veins are observable extending into the
serpentine (limestone quarry).
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The Krivaja peridotite massif is elongate from NW-SE, parallel to the trend of the
Dinaride Ophiolite Belt. The Krivaja massif is separated in the east from the Konjuh
portion by a major fault zone (Figure 4·3). The massif is crosscut by highly serpen-
tinized and brecciated fault zones. In some cases these fault zones are associated with
ophicalcites (Figure 4·4), indicating exhumation and exposure of peridotites on the
ocean floor. A deep water origin is also supported by minor pillow basalts and cherts
observed in the central-western part. Similar features (ophicalcites, cherts) observed
in Alpine peridotite bodies have been interpreted as indicating a deep water origin in
a magma-poor environment of an ocean-continent transitional tectonic setting (e.g.
(Muentener et al., 2010)).
Figure 4·3: Outcrop of the fault separating the Krivaja and Konjuh portions
of the massif near Diˇstica. The fault rocks are completely serpentinized. The
fault may be better characterized as a shear zone due to its width exceeding
20 m.
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Figure 4·4: Limestone with included serpentine fragments adjacent to ser-
pentinite breccia. This suggests exhumation of rocks of mantle origin at the
ocean floor in a magma-poor environment (Diˇstica).
4.3 Peridotites
4.3.1 Overview
Samples were collected from all parts of the Krivaja massif. The freshest samples were
typically found along stream beds, which also provided relatively convenient access.
The choice of samples for analysis was based on coverage of the massif as well as
freshness (preferably > 70%). All samples were affected by serpentinization ranging
from about 10 to 100%, introducing uncertainties in point counting of modes and
grain size determination from thin sections. Grain sizes and deformation intensity
vary locally, the grain sizes given below are intended to be representative for a given
locality. Particularly fault or shear zones are almost always completely serpentinized
and in some instances further altered to talc and clay, making identification of the
original lithology difficult in the field.
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The peridotites consist predominantly of depleted lherzolites with cpx contents
frequently just above 5% and ranging up to 11%. Consistent with the modal pro-
portions indicating moderate depletion, the olivine Mg# of the peridotites ranges
from 89.5 - 91 (Figure 4·12). Only the peridotites near the melt migration features in
Stara Kamenica are more depleted harzburgites, with opx contents still above 20%.
Dunite such as that described for example from Oman, the Josephine or Lanzo peri-
dotites, consisting of > 95% olivine plus spinel have not been found in outcrop in
the Krivaja massif. The closest lithologies to dunite occur in Stara Kamenica where
they are interfingered with lherzolites and olivine-rich troctolites (Figure 4·5). They
are volumetrically minor and contain ∼ 5% plagioclase, trace pyroxenes and oxides.
Figure 4·5: Peridotite strongly modified by migrating melts. Lighter brown
colors mainly on left of image represent original peridotite, darker brown
colors represent plagioclase-bearing dunite, whitish streaks represent a high
proportions of plagioclase (Stara Kamenica).
Peridotites close to the crustal lithologies show abundant cross-cutting gabbro
veins ranging from mm to m scale (Figure 4·6a). Locally (Stara Kamenica) features
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representing diffusive porous flow in the peridotites also occur near the contacts to
the troctolite (Figure 4·6b).
The peridotites range from spinel lherzolites in the south and west to plagioclase
lherzolites in the north-east. Intergrowth of opx and spinel, possibly indicating an
origin from the breakdown from garnet (Piccardo et al., 2007), has been identified
in the western-most part (Tajasˇnica, Figure 4·7a). Garnet-shaped spinel - opx -
plagioclase intergrowths also occur in Sajavica (Figure 4·7b). Exsolution lamellae
in cpx and opx porphyroclasts also indicatie that the rocks have undergone cooling
and pressure decrease. Plagioclase rims around porphyroclastic spinel in the cen-
tral and northern parts indicate incomplete equilibration in the plagioclase stability
field. Porphyroclastic (dark brown) and mylonitic (light brown) spinel coexist in the
central-western part (Luzˇnica) as well as the southern part (Dubosˇtica) of the massif.
4.3.2 Microstructures
The peridotites throughout the massif record a high grade of deformation and recrys-
tallization. The largest remaining porphyorclasts of olivine and opx have a grain sizes
from 3 to 5 mm, suggesting that this may have been the grain size before deformation
of the peridotite (Figure 4·8). Olivine is predominantly recrystallized, occasionally
to grain sizes < 100 µm. Elongate and at times dismembered porphyroclasts can
be identified by their simultaneous extinction (Figure 4·9). More compact porphyro-
clasts contain parallel subgrain walls. Orthopyroxene (opx) more frequently occurs as
porphyroclasts, occasionally showing extreme elongation with aspect ratios > 10:1.
Locally it is also completely recrystallized to fine grain sizes, giving the rock a smooth
appearance on weathered surfaces.
The microstructures can be characterized as ranging from protomylonitic (with a
mean grain size of ∼ 0.7 mm, Dubosˇtica) to ultramylonitic (mean grain size of 0.3
mm, Vojnica). While the ultramylonites in the southern part of the Krivaja show no
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(a) Examples of gabbro veins in peridotite. Left: olivine-gabbro vein cross-cutting foliation
in peridotite. The foliation is marked by opx porphyroclasts and pyroxenite veins (Sadje-
vica). Right: Intrusion of at least two generations of gabbro veins, ranging from olivine-rich
to evolved into peridotite near the contact with massive gabbro units (Stara Kamenica).
(b) Melt infiltration features in peridotite near crustal lithologies ranging from olivine
gabbro to evolved gabbros. Left: This outcrop likely shows evidence for two different
episodes of melt infiltration. The small white patches in the upper part consist of plagioclase
from an early episode of melt migration. The prominent fingering at the lower left likely
represents a later episode where the melt was apparently undersaturated in silica, dissolving
most of the opx. Examination of a thin section shows that the some embayed opx and a
few cpx grains remain, along with relatively spinel-rich patches. Right: Similar infiltration
features in a boulder, where a higher fraction of the first generation melt in the form of
plagioclase remains (Stara Kamenica).
Figure 4·6: Melt migration features in peridotite.
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Figure 4·7: (a) Intergrowth of spinel and orthopyroxene, suggesting a garnet
origin (Tajasnica). (b) Spinel, plagioclase and orthopyroxene in the shape
of a garnet crystal in Sajavica. Fluid inclusions are also present. The pseu-
domorph shows a kelyphitic (alteration) rim. While the olivine grain size
is reduced to an ultramylonite in this area, the spinel intergrowths appear
undeformed. Scale bars indicate 100 µm.
signs of recovery and grain growth after deformation, outcrops in the north-western
portion, while still being relatively fine-grained (0.6 mm, Cˇausˇevac), have largely
smooth grain boundaries and tend to have convex rounded grain shapes, indicating
grain growth after deformation (Figure 4·10).
In the southern and western portions of the massif ribbons of nearly touching,
fine-grained light brown spinels at times extending across thin sections indicate that
deformation took place in the spinel stability field. In contrast, plagioclase, whether
in the form of overgrowth around a porphyroclastic spinel cores (e.g. Figures 4·9,
4·10) or as ‘patchy’ melt migration feature shows no sign of deformation.
With a piezometric relationship between recrystallized grain size and stress for
dry olivine (e.g. (van der Wal et al., 1993)), the smallest recrystallized grain size of
0.3 mm implies stresses of about 20 MPa. This is significantly higher than stresses
inferred for asthenospheric upper mantle of between 0.1 and 1 MPa (e.g. (Behn et al.,
2009)). The stress increase at the onset of rifting is consistent with substantial grain
size reduction from an initial grain size of several mm.
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Figure 4·8: Cross-polaraized light image showing the largest remaining
olivine porphyroclasts in spinel peridotites from the Krivaja that have been
found (Dubosˇtica). Olivine grains are frequently partially dismembered due
to deformation, the porphyroclasts show undulatory extinction. The grain
size near the bottom of the image is more representative of olivine grain sizes
in the spinel lherzolites of the massif. Orthopyroxene is more frequently por-
phyroclastic with mm grain sizes. Scale bar represents 500 µm.
Measurements of foliation planes (identified by opx elongation and alignment,
in conjunction with pyroxenite veins where present) in the peridotites indicate a
conjugate set of planes (Figure 4·11). Individual locations have poles in both N and
S quadrants so that the pattern is not due to one major fold. The foliation planes
may be due to extension ultimately generating a conjugate set of faults, as envisioned
for slow spreading ridges (Schroeder et al., 2007).
4.3.3 Petrology and Geochemistry
The relatively narrow range for olivine Mg# between 90 and 91 suggests an overall
moderate degree of depletion, consistent with the modal proportion of cpx (Figure
4·12). Orthopyroxene is frequently the only porhyroclastic phase and shows exsolu-
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Figure 4·9: Cross-polaraized light image of an olivine grain with simultaneous
extinction across the center of the image. The grain was dismembered by
deformation. Elongation and disintegration of large single olivine grains
is relatively common throughout the massif. Relatively uncommon is the
occurrence of orthopyroxene recrystallized before olivine (Tribija). Scale bar
represents 500 µm.
tion lamellae as well as crystallization of intragranular cpx and olivine. Analyses of
homogeneous areas was therefore difficult, with compositions showing a wide range
within individual grains and thin sections, making it difficult to identify characteristic
features or trends .
Exsolution lamellae in clinopyroxene are also present in prophyroclastic grains,
but the lamellae tend to be narrower. While there is scatter in the analyses, samples
from different localities have distinct compositional characteristics. The most obvious
feature is the difference in composition between plagioclase-bearing and plagioclase-
free peridotites with regards to their Na2O and Al2O3 contents (Figure 4·13). The
Na2O contents of cpx from plagioclase-free peridotites are significantly higher than
those from depleted MORB mantle (DMM, (Workman and Hart, 2005)) and that of
the plagioclase-bearing peridotites. They are also higher than those of equilibrated
continental spinel peridotite xenoliths originating mostly from the Rhine graben
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Figure 4·10: Cross-polaraized light image of the microstructure in the north-
eastern part. The microstructure shows recovery from the high grade of
deformation seen in the spinel peridotite domains (e.g. Figure 4·8). Aligned,
spatially separated olivine grains have a simultaneous extinction, indicting
a common origin from a single grain. Black elongate patches in the center
and top of the image are spinel grains surrounded by a rim of plagioclase (±
opx) grains. This image also illustrates that no deformation occurred after
the introduction of plagioclase. Scale bar represents 500 µm.
(Witt-Eickschen and O’Neill, 2005), which fall in the gap between plagioclase-free
and plagioclase-bearing peridotites. Significantly, the Na2O contents of both groups
of the Krivaja peridotites coincide with compositions determined from the Eastern
Alpine peridoties of (Muentener et al., 2010).
In a plot of Al2O3 vs TiO2 spinel and plagioclase peridotites form separate trends.
The spinel peridotites extend the trend of the xenoliths towards DMM at the fertile
end. Cpx compositions from the experiments by (Falloon et al., 1999) also fall on this
trend. Plagioclase-bearing peridotites have lower Al2O3 at a given TiO2 content. The
Alpine peridotites generally follow these two trends, but show overlap at the fertile
end. Some of the plagioclase peridotites of both the Krivaja and Alpine peridotites
have a higher TiO2 content than DMM and continental xenoliths.
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N
Figure 4·11: Lower hemisphere, equal area stereogram of the poles to the
foliation planes in peridotite. Foliation is defined by Opx elongation and/or
pyroxenite layering. The poles roughly form a conjugate set of orientations.
Spinel compositions also show a broad range, possibly reflection multiple pro-
cesses. The Cr# ranges from below the field of abyssal peridotites to somewhat
higher values, but do not follow their trend as a function of Mg#. Modification of
the original compositions is suggested by the occurrence of depleted (Cr# 50) and
fertile spinel (Cr# 10 - 20, Figure 4·14) in close proximity in one thin section. Again,
peridotites from the Eastern Alpine ophiolites fall on the same trend.
General measures of depletion such as a relatively high Cr# in spinel and low
Al2O3 contents in cpx from Sajavica and Dzˇinica show that these peridotites are at
the more depleted end of the Krivaja massif. In contrast, TiO2 in both spinel and cpx
from these two locations are the highest among the Krivaja peridotites; the Alpine
OCT peridotites show a similar pattern. A possible origin for the high Ti contents
could be low-degree volatile-rich melts generated at relatively high pressures (∼ 4 - 6
GPa) but moderate temperatures (1100 - 1200◦C) due to the breakdown of ilmenite
and phlogopite, or at lower pressures and temperatures the breakdown of pargasitic
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Figure 4·12: Olivine NiO content as a function of Mg# for peridotite and
olivine rich troctolite. The similarity of the NiO contents in the olivine rich
troctolites to peridotites suggests a mantle rather than a cumulate origin
for the troctolites. For comparison, olivine-rich troctolites from the Atlantis
massif have NiO contents < 0.3%, troctolites (< 50% olivine) and olivine
gabbros have NiO contents < 0.16% (Suhr et al., 2008).
amphibole in a continental rift setting (Rosenthal et al., 2009; Foley et al., 2009).
4.4 Troctolites
4.4.1 Background
Troctolites are defined as mafic intrusive rocks consisting of Ca-plagioclase and olivine
with less than 5% pyroxene (Streckeisen, 1976). They are assumed to be of cumulate
origin, as their composition does not directly correspond to a partial melt of a peri-
dotite. Troctolites with more than ∼70% olivine are referred to as olivine troctolites
(e.g. (Drouin et al., 2010)), these are of particular interest in this chapter.
The process of formation of the olivine-rich endmember is still under debate. Part
of the difficulty is that composition and microstructures are variable and likely the end
result of a number of different processes. Olivine troctolite from the Atlantis Massif
at the Mid-Atlantic Ridge (IODP Leg 305) and the Ligurian ophiolites are inferred
to have formed by infiltration of a melt into pre-existing harzburgite at shallow levels
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Figure 4·13: Clinopyroxene compositions from different areas of the Kri-
vaja, Eastern Central Alpine peridotites (Muentener et al., 2010), xenoliths
(Witt-Eickschen and O’Neill, 2005) and experiments (Falloon et al., 1999).
(a) Na2O content separates plagioclase-free peridotites (Dubosˇtica, Luzˇnica,
Upper Platta (UP), Malenco (Mal), Totalp (Tot)) from plagioclase-bearing
peridotites from Krivaja and Lower Platta (LP). The equilibrated continen-
tal spinel peridotite xenoliths fall in the gap between the two groups. b The
spinel peridotites from the Krivaja and Alps form a trend that merges into
the continental xenoliths and coincides with experimentally determined cpx
compositions. The plagioclase-bearing peridotites form a separate, subpar-
allel trend at lower Al2O3 contents.
(Suhr et al., 2008; Drouin et al., 2010; Renna and Tribuzio, 2011). Due to the evolved
nature of the migrating melt in these settings, it is not in equilibrium with olivine
as indicated by trace element disequilibrium between olivine, plagioclase and cpx
(Drouin et al., 2009) and embayments in olivine grains.
The occurrence of olivine grains with the same orientation separated by poikilitic
cpx grains is inferred to indicate melt penetration along subgrain boundaries. (Suhr
et al., 2008) argue that this process results in a grain size reduction from 3 - 4
mm as observed in coarse granular peridotites drilled by ODP Leg 209 at 15◦20’N
(ShipboardScientificParty, 2004; Seyler et al., 2007) to 0.5 mm in the troctolites of
the Atlantis Massif. (Drouin et al., 2010) infer that extensive interaction with locally
high melt fractions leads to reorganisation of the olivine texture from one dominated
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Figure 4·14: Spinel composition from peridotites and troctolites. Left: Cr#
vs Mg#. Depleted (Cr# of 50 and above) large darker brown spinels and
fine-grained (recrystallized) light brown fertile spinel (Cr# 10 - 20) occur in
close proximity in one thin section (e.g. Sajavica). Right: TiO2 vs Cr#.
The range in TiO2 contents indicates refertilization by a melt.
by the most common high temperature slip system, (010)[100], to one where only
weak [001] alignment is observed.
4.4.2 Krivaja Troctolites
In the Krivaja massif, non-peridotitic lithologies occur in outcrops parallel to the
strike of the massif (Figure 4·1) and range from olivine troctolites to evolved gabbros.
A substantial portion of these outcrops consist of troctolites and olivine troctolites,
the latter with up to 90% olivine. Massive gabbro outcrops consist predominantly
of olivine gabbro, more evolved gabbros occur more commonly as veins. Olivine in
the troctolites from the Krivaja massif have somewhat lower Mg# but similar Ni
contents relative to the peridotites (Figure 4·12), consistent with a mantle origin.
The olivine-rich troctolites have a more uniform coarse grain size than any of
the mantle rocks in the massif. The mosaic texture (mean grain size of 1 - 2 mm)
shows few indications of deformation, relatively widely spaced subgrain boundaries
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occur only in the most coarse-grained troctolites. Grain size distributions can be
used to distinguish growth under hydrostatic conditions from recrystallization dur-
ing deformation by dislocation processes (Faul and Scott, 2006; Achenbach et al.,
2011). Figure 4·15 shows the grain size distribution obtained from a thin section
of a troctolite from the Ulen river, near the location of Stara Kamenica marked on
Figure 4·1. The distribution, normalized by the mean grain size and peak frequency,
is relatively narrow with a peak near the mean grain size, similar to the distribution
expected for normal grain growth (e.g. (Atkinson, 1988)).
Figure 4·15: Grain size distribution from a troctolite from the Ulen river.
The distribution, normalized by the mean grain size and peak frequency, is
relatively narrow with a peak near the mean grain size, similar to the dis-
tribution expected for normal grain growth (e.g. (Atkinson, 1988). EBSD
mapping of thin sections will be used to better constrain grain size distribu-
tions in troctolites and impregnated peridotites.
In the same thin section simultaneous extinction of a string of (non-adjacent)
olivine grains suggest a common origin as for dismembered grains in the deformed
spinel peridotite (Figure 4·9). The microstructure of these troctolites may therefore
be the result of grain growth under hydrostatic conditions preceded by relatively
high stress deformation as in the spinel peridotites. Experimental observations show
that the presence of melt enhances grain growth rates in comparison to melt-free
aggregates (Faul and Scott, 2006).
The idiomorphic shapes of olivine grains in troctolites from the Tajasˇnica River
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(Figure 4·18), suggests that the melt that crystallized the interstitial plagioclase and
clinopyroxene was close to equilibrium with olivine. Consistent with a melt closer to
equilibrium with an infiltrated peridotite precursor for the troctolites from Tajasˇnica
and Ulen is the observation that the olivine grains do not appear corroded, and that
the microstructure is not obviously poikilitic with cpx oikocrysts, rather both cpx
and plagioclase are interstitial (compare Figure 4·18 with (Drouin et al., 2010), their
Figure 3e).
4.4.3 Origin of the Olivine-rich Troctolites in the Krivaja Massif
Peridotites in the north-eastern sector show evidence of grain scale migration of melt
in the form of plagioclase patches. These patches appear interstitial and commonly
are aligned in a direction parallel to the foliation where the latter is observable by
elongation of olivine or opx grains or alignment of co-existing spinel grains (Figure
4·16). As shown in this figure, locally the fraction of plagioclase can be quite high; as
can be observed at the outcrop scale (Figures 4·5 and 4·6b). These figures also illus-
trate that Infiltration by the migrating melt is heterogeneous, both at the thin section
and outcrop scale. The cause for this heterogeneity may be that the temperature of
the peridotites was below the solidus prior to melt infiltration.
The infiltrating melt was likely undersaturated in silica as indicated by replace-
ment of orthopyroxene by olivine in plagioclase peridotites from Luzˇnica (Figure
4·17a) (Kelemen et al., 1990; Kelemen et al., 1995). A similar process is also inferred
for peridotites and troctolites from the Mid-Atlantic Ridge (Seyler et al., 2007; Suhr
et al., 2008). Peridotites from the northern-most part of the Krivaja (Stara Ka-
menica) have opx contents that are significantly lower than those observed in the
spinel peridotites; the remaining opx grains have interstitial shapes (Figure 4·17b).
Melt infiltration features can be found in most of the plagioclase peridotites occurring
in the north-eastern part of the massif (Figure 4·1). Grain scale melt migration was
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Figure 4·16: Cross-polarized (left) and plane polarized (right) light images of
peridotites from Luzˇnica. The dark ribbons in the center represent altered
plagioclase. Fresh plagioclase is preserved in the bottom portion of the
image. The porphyroclastic orthopyroxene grain at the top of the images is
partially replaced by clinopyroxene and olivine identifiable in crossed polars
by the high interference colors.
therefore spatially wide-spread.
In the olivine-rich troctolites the process of dissolution of opx has gone to com-
pletion (Figure 4·18). A unique aspect of the Krivaja massif in comparison to other
peridotite bodies as well as rocks drilled from the ocean floor appears to be that
the process of formation of olivine-rich troctolites can be clearly traced back to the
original lherzolites in spatial association.
4.4.4 Association with Experimental Melt Geometries
Light microscope images of olivine-rich troctolites illustrate that the geometry of the
interstitial phases (predominantly plagioclase and some cpx) strongly resemble the
melt geometry of experimental samples quenched form high pressures and tempera-
tures (Figure 4·18 and 4·19). This includes larger pockets surrounded by more than
three grains, triple junctions, and wetted two-grain boundaries (Faul, 1997; Faul and
Scott, 2006; Garapic´ et al., 2013). Noticeable are also the deep penetration and com-
plete wetting by a former melt of some olivine-olivine grain boundaries. The small
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Figure 4·17: (a) Cross-polarized image of an opx grain that is being replaced
by olivine ( Luzˇnica). (b) Plane polarized light showing a substantial re-
duction in opx mode in peridotite from Stara Kamenica. The remaining opx
grains in the upper part of the image have interstitial shapes (red arrows).
dihedral angles evident in the plane polarized light image in Figure 4·18 on the left
also indicate an origin by (relatively slow) grain growth rather than impingement of
growing crystals in a cumulate mush (Holness et al., 2005).
Figure 4·18: Left: Plane polarized light image of a troctolite from the
Tajasˇnica river. The interstitial phases consisting of plagioclase (partially
altered) and clinopyroxene appear darker. The opaque phases at the lower
left is brown spinel, indicating an igneous origin. Olivine grains largely have
idiomorphic (euhedral) shapes, suggesting equilibrium with the melt. Right:
Cross polarized light image of the same area, showing more clearly the olivine
grains. The scale bar at the lower right represents 500µm.
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Figure 4·19: Left: Backscattered electron image of a sample with a melt
content of 4 % that was run under hydrostatic conditions for 42 hours at
1300◦C. Melt, quenched to glass, is lighter gray, the olivine grains are darker
gray. Opx is darker than olivine, but rare in this sample, with only one
grain in this field of view, near the center of the image. Melt occurs at
all three-grain edges, some larger pockets and some two grain boundaries.
Right: Backscattered electron image of a portion of the same sample after
staged cooling in 50◦C increments to room temperature ((Jackson et al.,
2004; Faul et al., 2004)). Additional opx has crystallized with a rounded to
interstitial geometry. Only minor cpx has crystallized from this particular
basalt composition. What most closely resembles the former melt geometry
is now nano-crystalline plagioclase, as identified by TEM observations.
Staged cooling of samples during seismic property measurements results in crys-
tallization of nano-crystalline plagioclase with geometries identical to the melt geom-
etry in samples quenched form high temperature (Figure 4·19) (e.g. (Jackson et al.,
2004)). This shows that cooling and crystallization of a melt to plagioclase and cpx
preserves the melt geometries from high temperatures, including wetted two-grain
boundaries. The melt geometry should be directly comparable of that at shallow
mantle levels in the vicinity of crustal magma chambers or mush zones (e.g. (Dunn
et al., 2000; Dunn and Forsyth, 2003; Lizarralde et al., 2004)), and be indicative of
the melt geometry at lower melt contents in the mantle.
For melt in equilibrium with olivine in experimental samples subgrain boundaries
can be recognized by a dihedral angle that is substantially larger than the angle at
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common high angle grain boundaries (Cmı´ral et al., 1998; Faul, 2000). TEM imaging
of these large dihedral angles (>90◦) allows identification of dislocation structures
and shows that the misorientation of the adjacent olivine grains is 2◦ or less (Figure
4·20). Melt is therefore less likely to penetrate these subgrain boundaries. The
common orientations of olivine in a thin section indicated by extinction at the same
orientation is more likely a consequence of prior deformation as seen in the mylonites
(Figure 4·9).
Figure 4·20: Left: TEM image of an olivine subgrain boundary formed by an
array of closely spaced dislocations with a misorientation angle < 2 ◦. The
dihedral angle is >90◦, indicating that the subgrain boundary has a low sur-
face energy, unfavourable to penetration by melt (Faul, 2000). Right: SEM
image of a triple junction illustrating the small dihedral angle of general,
high angle grain boundaries. The two-grain boundary leading to the right
edge of the image is wetted by melt (Garapic´ et al., 2013).
Olivine-rich troctolites with interstitial plagioclase and cpx as shown in Fig-
ure 4·18 therefore maybe a natural ‘analogue’ to experimentally produced partially
molten rocks. Conditions close to chemical equilibrium of melt and olivine are in-
dicated by the mosaic microstructure and near euhedral olivine grain shapes. The
presence of both plagioclase and cpx indicates melt compositions consistent with
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MORB. Slow staged cooling of experimental samples shows that plagioclase crystal-
lize in the shape of melt pockets quenched from high temperature. If the shape of
the plagioclase did not extensively change during cooling, the olivine-rich troctolites
indicate that wetted two-grain boundaries such as those described in Chapter 2 are
common in natural partially molten rocks at mm grain sizes. This then allows extrap-
olation of experimental results from partially molten rocks, obtained at significantly
smaller grain sizes, to the larger grain sizes of mantle rocks.
In situ at high temperature the olivine-rich troctolites, troctolites and gabbro may
represent the magmatic system imaged for example by (Dunn et al., 2000) beneath
the East Pacific Rise. They describe a shallow melt lens and a deeper zone at the
Moho and into the shallow upper mantle with distributed partial melt with very
low velocities. If melt accumulates at the lithosphere-asthenosphere boundary as
envisioned as explanation for receiver function signals (Kawakatsu et al., 2009) melt
geometries including wetted grain boundaries as in the experiments and olivine-rich
troctolites would mean that melt fractions of only a few percent are required to
explain the observations.
4.5 Origin of the Krivaja Peridotites and Troctolites in a
Rift Environment
The microstructural and compositional observations from the peridotites and troc-
tolites can be summarized as follows:
1. Spinel lherzolite compositions from Krivaja are overall somewhat more depleted
than the model mantle composition DMM and overlap with the more enriched
end of equilibrated continental xenolith. Relative to DMM locally they are
enriched in TiO2, possibly by volatile-rich melts. This event leaves no mi-
crostructural record, but may be the earliest sign of an increase in temperature.
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The first microstructural record is of extensive deformation in the spinel peri-
dotite stability field of the whole massif that produces ultramylonites. Stresses
inferred from the smallest grain sizes are above those for convecting upper man-
tle. In the southern part of the massif little or no recovery takes place, implying
moderate temperatures that do not approach the solidus.
2. Plagioclase patches indicate infiltration of melt in the north-eastern portion of
the massif, raising the temperature and resulting in recovery of the grain size.
No further deformation occurs.
3. Increasing amounts of infiltrating melt turns lherzolitic mylonites near the top
of the mantle into olivine-rich troctolites, with complete recovery and significant
grain growth of olivine. Some relict porphyroclasts from incomplete myloniti-
zation remain and retain their original orientation.
4. Further melting at depth produces increasingly evolved compositions ranging
from troctolites, olivine gabbros and gabbros that crystallize in mush zones,
large dikes or magma chambers.
The corresponding tectonic processes can be summarized as follows:
1. Onset of rifting results in deformation of previously depleted continental litho-
sphere in the spinel stability field. The deformation is broadly distributed with
grain size reduction to ultramylonites locally, and possibly more localized shear
zones in shallower portions. The modal proportions and composition of the
pre-extension lithospheric rocks is comparable with that of continental xeno-
liths from a failed rift setting (e.g. Rhinegraben, (Witt-Eickschen and O’Neill,
2005)).
2. Extension results in upwelling of asthenospheric mantle, onset of melting and
migration of the melt into the extended lithosphere above. Heating accompany-
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ing melt migration allows conversion of some spinel to plagioclase and recovery
of deformation microstructure.
3. Continued extension results in opening of an ocean basin, initially magma-
poor. Peridotites are exhumed to the ocean floor along long-lived shear zones
producing extensive serpentinisation and ophicalcites. At somewhat deeper
levels massive infiltration of originally continental lithospheric mylonites leads
to recrystallization and changes in composition, with opx being progressively
dissolved by a silica undersaturated melt. The temperature of the peridotite
determines whether the melt migrates by porous flow (highest temperatures),
or at somewhat lower temperatures in anastomosing olivine gabbro veins with
islands of original peridotite. Increasing melt-rock ratios lead to formation of
olivine-rich troctolites and troctolites.
4. Cooling and crystallization of melt in a thermal boundary layer forms increas-
ingly evolved crustal lithologies. Last more evolved gabbros form cross-cutting
veins with sharp edges.
In summary, the Krivaja massif preserves a record of rifting of originally conti-
nental lithosphere and transition to spreading in a newly formed ocean basin. The
observations indicate that deformation was distributed over a large volume and did
not localize quickly into a few shear zones. Similarly melt migration occurred by
porous flow over a large volume and did not localize into a few feeder systems such
as dunite channels.
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4.6 Mineral Compositions
Label SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO NiO Total
SAD-26B 40.54 0.01 0.00 0.01 9.54 0.13 50.03 0.02 0.32 100.6
SAD-26B 40.42 0.05 0.00 0.00 9.48 0.12 50.01 0.02 0.41 100.5Luz17b-ol1 40.27 0.03 0.00 0.02 9.37 0.18 50.29 0.00 0.33 100.5Luz17b-ol2 40.3 0.02 0.00 0.00 9.42 0.15 50.09 0.00 0.35 100.3Saj5-Ol1 39.94 0.02 0.00 0.02 10.04 0.16 49.73 0.01 0.33 100.3Saj5-Ol2 40.17 0.01 0.00 0.01 9.93 0.16 50.12 0.01 0.38 100.8Saj5-Ol3 40.38 0.02 0.01 0.01 9.99 0.16 49.79 0.02 0.37 100.7Saj5-Ol4 39.56 0.02 0.00 0.03 9.91 0.16 50.31 0.03 0.34 100.4Saj5-Ol5 39.87 0.02 0.00 0.01 9.82 0.14 49.99 0.00 0.32 100.2Saj5-Ol6 40.46 0.05 0.00 0.04 10.31 0.15 49.67 0.05 0.34 101.1Saj5-Ol7 40.31 0.02 0.02 0.03 10.26 0.18 48.76 0.02 0.34 100.0Saj5-Ol8 40.34 0.01 0.00 0.03 9.59 0.12 51 0.02 0.38 101.5Saj5-Ol8 40.26 0.02 0.01 0.03 10.01 0.19 51.16 0.01 0.42 102.1Cau1b-Ol1 41.3 0.05 0.01 0.03 9.6 0.19 49.77 0.02 0.42 101.4Cau1b-Ol1 40.94 0.01 0.01 0.00 9.33 0.14 50.35 0.03 0.36 101.2Cau1b-Ol1 40.65 0.02 0.02 0.03 9.88 0.12 51.1 0.02 0.42 102.3Cau1b-Ol2 40.71 0.01 0.01 0.01 9.78 0.14 51.05 0.01 0.38 102.1Cau1b-Ol2 40.63 0.03 0.01 0.03 10.04 0.13 50.62 0.01 0.39 101.9Cau1b-Ol2 40.21 0.00 0.01 0.03 9.96 0.12 51.23 0.01 0.40 102.0Cau1b-Ol3 40.65 0.01 0.01 0.00 9.52 0.17 51.15 0.01 0.41 101.9Cau1b-Ol4 40.31 0.01 0.02 0.01 8.79 0.15 50.65 0.00 0.39 100.3Cau1b-Ol5 40.62 0.00 0.01 0.03 9.74 0.14 50.74 0.01 0.37 101.7Cau1b-Ol6 40.15 0.02 0.01 0.01 9.75 0.15 50.67 0.03 0.44 101.2Cau1b-Ol7 40.84 0.02 0.01 0.00 10.1 0.15 50.46 0.02 0.39 102.0Cau1b-Ol8 40.69 0.02 0.02 0.01 10.05 0.15 51.13 0.01 0.37 102.4Cau1b-Ol9 40.55 0.01 0.00 0.05 9.43 0.16 49.89 0.00 0.33 100.4Cau1b-Ol10 40.65 0.02 0.00 0.02 9.18 0.15 50.06 0.02 0.33 100.4DZI-11-ol_1 39.8 0.02 0.00 0.00 9.66 0.13 48.81 0.00 0.31 98.7DZI-11-ol_2 40.74 0.03 0.00 0.00 9.51 0.12 49.6 0.00 0.35 100.3DZI-11-ol_4 40.53 0.02 0.00 0.00 9.79 0.19 50.17 0.02 0.42 101.1DZI-11-ol_5 40.69 0.00 0.00 0.00 9.73 0.11 50.09 0.00 0.36 101.0DZI-11-ol_6 41.07 0.00 0.00 0.00 9.93 0.14 50.15 0.01 0.40 101.7DZI-11-ol_7 40.92 0.02 0.00 0.00 9.87 0.19 50.18 0.01 0.41 101.6Dub-Cr3-Ol2 40.76 0.04 0.00 0.00 9.57 0.16 49.82 0.00 0.40 100.7Dub-Cr3-Ol3 40.65 0.04 0.00 0.00 9.46 0.12 49.64 0.01 0.43 100.3Dub-Cr3-Ol4 40.79 0.06 0.00 0.00 9.39 0.11 49.53 0.01 0.41 100.3Dub-Cr3-Ol5 40.57 0.01 0.00 0.00 9.38 0.13 49.67 0.01 0.39 100.2Dub-Cr3-Ol6 39.14 0.00 0.00 0.00 9.37 0.12 48.75 0.00 0.39 97.8Dub-Cr3-Ol7 40.34 0.00 0.00 0.00 9.49 0.16 49.61 0.00 0.38 100.0
Table 4.1: Olivine compositions determined by electron microprobe.
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Label SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O Total
Saj5-Cpx1 52.93 0.82 3.41 0.95 2.72 0.09 16.75 23.42 0.57 101.7
Saj5-Cpx1 54.17 0.60 2.51 0.85 2.62 0.11 17.15 23.59 0.48 102.1Saj5-Cpx2 52.2 0.82 3.68 0.55 3.01 0.13 16.73 23.21 0.50 100.8Saj5-Cpx3 52.1 0.87 3.77 0.58 2.99 0.12 16.51 23.31 0.50 100.8Saj5-Cpx4 53.45 0.70 3.02 0.72 2.83 0.09 17.22 23.52 0.72 102.3Saj5-Cpx4 52.85 0.66 2.74 0.74 2.65 0.11 17.17 23.19 0.53 100.6Cau1b-Cpx1 52.86 0.28 3.26 1.17 2.88 0.11 17.29 23.62 0.28 101.8Cau1b-Cpx2 53.46 0.22 2.48 0.78 2.88 0.10 17.99 23.49 0.24 101.6Cau1b-Cpx3 51.78 0.31 5.17 1.41 3.08 0.16 16.95 22.55 0.26 101.7DZI-11-cpx1c 51.01 0.55 3.74 1.22 3.11 0.11 16.99 21.09 0.51 98.3DZI-11-cpx1r 50.93 0.52 3.47 1.27 3.09 0.10 17.09 21.28 0.47 98.2DZI-11-cpx2c 51.29 0.56 3.25 1.20 2.99 0.11 16.68 22.18 0.43 98.7DZI-11-cpx2r 51.36 0.56 3.23 1.20 2.75 0.09 15.95 22.62 0.49 98.2Dub-Cr3-Cpx1 51.46 0.50 6.28 0.99 2.33 0.07 14.05 20.63 1.84 98.2Dub-Cr3-Cpx2 51.84 0.44 5.90 0.83 2.39 0.08 14.61 20.95 1.75 98.8Dub-Cr3-Cpx4 50.27 0.48 6.03 0.85 3.10 0.10 15.33 19.09 1.70 97.0Dub-Cr3-Cpx5 53.03 0.44 5.82 0.93 2.23 0.10 14.41 20.96 1.70 99.6Dub-Cr3-Cpx6 52.00 0.50 6.74 1.03 2.40 0.08 14.12 20.09 2.09 99.1Dub-Cr3-Cpx7 53.61 0.42 5.90 0.82 2.39 0.10 14.54 20.65 1.73 100.2Sad26b_Cpx1 53.28 0.23 2.51 0.81 2.86 0.10 17.31 23.27 0.30 100.7Sad26b_Cpxlam 53.69 0.22 1.90 0.66 2.69 0.09 17.47 24.62 0.30 101.6Sad26b_Cpxlam 53.64 0.25 1.97 0.69 2.55 0.09 17.17 24.81 0.27 101.4Luz17b_Cpx2 52.07 0.61 7.04 0.73 2.53 0.06 14.22 22.33 1.61 101.2Luz17b_Cpx3 52.72 0.41 5.49 0.58 2.46 0.06 15.18 23.2 1.36 101.5
Table 4.2: Clinopyroxene compositions determined by electron microprobe.
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Label SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO NiO ZnO Total
Cau1b-Sp1 0.01 0.29 30.86 35.19 21.44 0.26 12.49 0.00 0.15 0.35 101.1
Cau1b-Sp2 0.02 0.28 30.94 36.03 22.16 0.24 11.92 0.12 0.17 0.42 102.3
Cau1b-Sp3 0.00 0.34 29.78 36 22.13 0.22 12.68 0.01 0.17 0.37 101.7
Cau1b-Sp4 0.04 0.16 34.8 29.89 21.52 0.25 12.6 0.05 0.17 0.45 99.9
Cau1b-Sp5 0.01 0.34 29.19 36.27 22.55 0.21 11.93 0.01 0.12 0.35 101.0
Cau1b-Sp6 0.03 0.31 29.64 36.41 21.69 0.24 11.97 0.02 0.12 0.41 100.8
Cau1b-Sp7 0.54 0.16 32.35 31.52 21.21 0.20 13.03 0.65 0.15 0.49 100.3
Saj5-Sp1 0.06 0.66 21.49 38.46 27.6 0.31 9.74 0.27 0.22 0.41 99.2
Saj5-Sp2 0.07 0.63 22.11 38.09 27.41 0.32 9.28 0.13 0.20 0.52 98.8
Saj5-Sp3 0.00 0.72 28.35 34.94 23.12 0.26 13.18 0.13 0.20 0.19 101.1
Saj5-Sp4 0.01 0.66 26.86 36.79 24.14 0.25 11.99 0.24 0.17 0.35 101.5
Saj5-Sp5 0.07 0.75 21.68 40.47 25.77 0.36 10.33 0.43 0.15 0.34 100.4
Saj5-Sp6 0.05 0.66 22.91 38.07 27.33 0.29 10.12 0.41 0.20 0.34 100.4
Saj5-Sp7 0.00 0.15 57.76 9.81 13.15 0.10 20.1 0.01 0.45 0.12 101.6
Saj5-Sp7 0.00 0.17 56.52 9.84 12.82 0.06 20.15 0.00 0.36 0.11 100.0
Saj5-Sp8 0.01 0.37 50.18 15.79 13.8 0.15 18.64 0.03 0.30 0.18 99.5
DZI-Sp5 0.01 0.78 25.78 39.34 22.27 0.28 12.3 0.01 0.19 0.23 101.2
DZI-Sp6 0.01 0.85 26.46 39.07 22.08 0.25 12.45 0.07 0.20 0.14 101.6
DZI-Sp7 0.00 0.85 25.68 40.27 22.4 0.33 12.84 0.00 0.24 0.11 102.7
DZI-Sp8 0.01 0.83 25.83 39.82 23.97 0.27 11.65 0.00 0.18 0.23 102.8
DZI-Sp9 0.02 0.00 25.44 39.4 24.38 0.29 11.61 0.00 0.16 0.23 101.5
DZI-11-sp3-c 0.01 0.52 27.1 38.5 23.82 0.85 11.41 0.00 0.03 0.00 102.2
DZI-11-sp4-c 0.00 0.40 26.83 37.88 24.93 0.83 10.71 0.00 0.02 0.00 101.6
Dub-Cr3-Sp1 0.02 0.06 56.56 14.32 11.72 0.33 19.15 0.00 0.00 0.00 102.2
Dub-Cr3-Sp2 0.03 0.04 57.28 12.19 11.92 0.29 19.08 0.00 0.01 0.00 100.8
Dub-Cr3-Sp3 0.03 0.06 57.37 12.36 11.84 0.27 19.27 0.00 0.01 0.00 101.2
Dub-Cr3-Sp4 0.04 0.00 58.88 10.29 11.36 0.23 19.88 0.00 0.02 0.00 100.7
Dub-Cr3-Sp5 0.02 0.02 58.21 11.4 11.41 0.26 18.64 0.00 0.02 0.00 100.0
Dub-Cr3-Sp6 0.02 0.07 56.14 14.2 11.43 0.31 18.96 0.00 0.03 0.00 101.2
Sad26b_sp1 0.03 0.25 21.98 39.06 28.27 0.39 8.04 0.00 0.03 0.00 98.0
Sad26b_sp3 0.04 0.22 20.68 41.93 27.41 0.39 8.15 0.00 0.07 0.01 98.9
Sad26b_sp4 0.03 0.27 24.46 39.14 25.43 0.32 9.34 0.00 0.00 0.00 99.0
Sad26b_sp5 0.05 0.23 24.97 38.85 26.99 0.38 8.05 0.00 0.00 0.00 99.5
Table 4.3: Spinel compositions determined by electron microprobe.
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Chapter 5
Conclusions
I determined the 3-D melt geometry of partially molten samples of olivine contain-
ing1.6 and 3.6 vol.% of basaltic melt that were held in a piston cylinder apparatus
at upper mantle conditions for 430 h. I used serial sectioning and high-resolution
field emission SEM imaging. I showed that thin layers (typically 100 nm or less in
thickness) between adjacent grains observed in 2-D images persist with depth and
are therefore wetted two-grain boundaries. Melt geometries most closely resembling
triple junction tubules of the isotropic equilibrium model occur at all three-grain
edges but are small compared to larger pockets. The wetted grain boundaries at a
dihedral angle > 0◦ for this system are inferred to be due to slow expulsion of melt
from dynamically reorganizing grain boundaries during steady state grain growth.
Grain growth, driven by surface energy reduction, occurs also at the larger grain
sizes expected for the mantle which suggests the presence of wetted grain boundaries
and significant velocity reduction and attenuation in partially molten upper mantle,
as observed for example in back-arc basins.
To estimate the effect of the observed 3-D melt geometry on permeability I con-
duct flow modeling using lattice-Boltzmann method. I show that the mixed pore ge-
ometries more representative of experimentally observed melt geometries have lower
permeabilities at a given porosity than the idealized geometries. This implies that
melt fractions in partially molten regions in the mantle need to be correspondingly
higher for segregation of the melt from the upwelling matrix to take place.
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Field observations and geochemistry shows many similarities between the Kri-
vaja complex and Alpine peridotite bodies that have been interpreted to originate in
an ocean-continent transitional tectonic setting. This includes serpentinized faults
and associated ophicalcites indicating exhumation and exposure of peridotites on
the ocean floor. A deep water origin is also supported by minor pillow basalts and
cherts. The entire peridotite body records a high grade of deformation and recrystal-
lization at relatively high pressure (garnet? - spinel facies) of an originally relatively
depleted protolith. Foliation planes are consistent with conjugate shear zones in an
extensional setting. Deformation was followed by melt infiltration at decreasing pres-
sure, recorded as interstitial plagioclase and plagioclase reaction rims around spinel.
Presumed lithospheric thinning and uplift likely was accompanied by increasing tem-
perature. High temperatures may have also been associated with accumulating melt
leading to the formation of troctolites. Extensive outcrops of gabbros suggest that
the eastern - central part was the locus of melt transport and eruption, with evolution
of the melt composition from primitive to gabbroic.
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